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Abstract: We investigated the effects of seed burial depth and soil water content on seedling
emergence and growth of Ulmus pumila var. sabulosa (sandy elm), an important native tree species
distributed over the European-Asian steppe. Experimental sand burial depths in the soil were 0.5, 1.0,
1.5, 2.0 and 2.5 cm, and soil water contents were 4%, 8%, 12% and 16% of field capacity. All two-way
ANOVA (five sand burial depths and four soil water contents) results showed that seed burial depths,
soil water content and their interactions significantly affected all the studied plant variables. Most
of the times, seedling emergence conditions were greater at the lower sand burial depths (less than
1.0 cm) than at the higher (more than 1.0 cm) seed burial depths, and at the lower water content
(less than 12%) than at the higher soil water content. However, high seed burial depths (more than
1.5 cm) or low soil water content (less than 12%) reduced seedling growth or change in the root/shoot
biomass ratios. In conclusion, the most suitable range of sand burial was from 0.5 to 1.0 cm soil
depth and soil water content was about 12%, respectively, for the processes of seedling emergence
and growth. These findings indicate that seeds of the sandy elm should be kept at rather shallow
soil depths, and water should be added up to 12% of soil capacity when conducting elm planting
and management. Our findings could help to create a more appropriate sandy elm cultivation and
understand sparse elm woodland recruitment failures in arid and semi-arid regions.
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1. Introduction

Seed production and dispersal, the dynamics of soil seed bank, and seed germination and
establishment are important processes contributing to the regeneration of natural vegetation [1]. Seed
germination and seedling establishment are the most sensitive processes (e.g., water stress [2]) among
these plant life history traits [3]. Su et al. [4] also reported that water stress is a major obstacle for
a successful vegetation establishment in arid and semi-arid regions. Other abiotic stresses such as
temperature, light and low nutrient contents are also dominant aspects altering the fate of seeds [5,6].
Furthermore, the characteristics of seeds (e.g., seed mass, seed shape and seed dormancy) also regulate
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seed density [7,8]. Therefore, decisive factors impacting vegetation restoration in arid regions are
successful seed germination and the subsequent establishment and development of seedlings [9,10].

Sparse elm woodland is widely distributed over the European-Asian steppe, and it has become
the original landscape in Horqin Sandy Land, Otindag Sandy Land of China [11]. The landscape
is characterized by either single or (more often) groups of trees, and well-developed grass-shrub
vegetation [12]. Ulmus pumila var. sabulosa (sandy elm) is the main tree species in this area. It is closely
related to human life, providing hardwood for farming tools and fuel, and tender leaves and edible
bark for feeding [13]. However, the number of remnant mature elms has reduced sharply, and few
saplings have appeared in the last decades because of environmental deterioration. Almost no sandy
elm seedlings established even though seed dispersal has been abundant in this area; this has modified
the plant age structure, and led to degradation of woodland ecosystems [14].

Sandy lands are often exposed to numerous environmental stresses such as frequent winds and
low precipitation [15,16]. They are characterized by sparse vegetation and loose soil texture; because of
frequent sand movement, plants are often buried by sand compared with other areas [17]. Nevertheless,
this is important for seed germination, seedling emergence and establishment since a certain degree of
sand burial is needed at the early developmental morphology stages if plants are to grow and establish
properly [10].

Most research on the sandy elm has focused on its physiological characteristics and adaptive
strategies due to the limited sparse elm woodland area [18–20]. Research on the effects of sand burial
and water content on the seedling emergence and growth of Ulmus pumila var. sabulosa is currently
scarce. The objectives of this study were to determine the influence of various levels of sand burial and
soil water content on the seedling emergence and growth of sandy elm.

2. Materials and Methods

2.1. Experimental Materials

Mature intact and plump seeds of sandy elm were collected during mid-May 2015 in Horqin Sandy
Land, China. Soil was obtained at the study area in Horqin Sandy Land, and heated to 105 ˝C during
48 h to kill seeds in it. Several studies on seedling growth and development have been conducted
using soil which was treated in autoclave [21,22]. In this case, microbial populations are reduced, but
not eliminated (Cabezali, Agronomy Department, National University of the south, Argentina). Also,
arrival of new microorganism to the treated soil (e.g., spores of arbuscular mycorrhizae) could be by
air [23]. Thereafter, transparent plastic pots (0.30 m height, 0.25 m diameter) with uniform needle holes
at the bottom were selected. Holes were covered with nylon mesh to prevent soil loss while allowing
drainage of water at the same time. Irrigation water came from local groundwater.

2.2. Experimental Procedures

We used a completely randomized experimental design with five replicates. A factorial study
(five sand burial depths ˆ four soil water contents) consisting of 20 treatments was conducted. Within
each replicate, 36 seeds in each pot were first placed at 0.5, 1.0, 1.5, 2.0 or 2.5 cm soil depth, and thereafter
buried by adding the experimental soil. The total number of seeds monitored since the beginning of
the experiment was 3600 (36 seeds/replicate ˆ five replicates/treatment ˆ 20 treatments). At each
depth, seeds were evenly spaced on the soil surface. Field capacity was determined gravimetrically by
measuring soil water content after two days of saturating the soil [24,25]. Soil water contents were 4%,
8%, 12% or 16% of soil field capacity via manual irrigation. Irrigation amounts were determined as the
pot weight difference between the maximum weight at field capacity and that needed to reach each
of the study soil water contents. Water lost by evapotranspiration was replaced daily by reweighing
each pot during the experimental period. Four percentage and 8% are the minimum water required
for seed germination and the local average soil water content during the growing season, respectively.
Plastic pots were placed into a climate incubator (MGC-350HPY-2, Panasonic, Japan). Following local
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meteorological records, seeds were exposed to a 16 h photoperiod at 25 ˝C, and to an 8 h darkness at
18 ˝C. Air humidity was set to 45%. Illumination intensity was set in 11,000 Lux.

Emerged seedlings with visible cotyledons were counted. Duration of the study was 30 days
from late May to late June in 2014. At the end of the study, soil within the pots was passed through
a screen mesh; germinated seeds which did not produce seedlings were first retained in that mesh
and thereafter counted. At this time, eight seedlings were randomly selected per treatment. Roots and
shoots of these seedlings were dried at 80 ˝C during 24 h and weighed. Thereafter, root/shoot ratios
were calculated.

Before the experiment, seed germination was tested using petri dishes in the same climate
incubator. Water was added to filter papers (seeds had been spread on) as to keep them fully wet every
day, and numbers of germinated seeds were counted until achieving a stable, maximum germination
percentage. Seeds were considered germinated after radicle emergence. Maximum germination
percentage of seeds was 85.2% ˘ 4.9%.

2.3. Determination of Seed Germination and Seedling Emergence

The percentage of seedling emergence was determined as the number of seeds that emerged to
the soil surface/the total number of tested seeds ˆ 100%. The percentage of germinated seeds which
did not produce seedlings was obtained as the number of germinated seeds that were retained in the
mesh/the total number of tested seeds ˆ 100%. Meanwhile, the rate of seedling emergence (GI) was
calculated using the formula:

GI “
ÿ 100Gi

nTi
where Gi is the number of seeds that germinated and emerged on day Ti (Ti = 1, 2, 3 . . . ), and n is the
total number of tested seeds in every treatment [26]. Seedling height and the root-to-shoot ratio of
seedlings were determined as a measure of growth and biomass allocation, respectively.

2.4. Statistical Analysis

Before the analysis was done, the percentage data were normal distribution and homogeneity
using square root arcsine transformation, but untransformed data are shown in the table and
figures [27,28]. One-way or two-way analysis of variances (ANOVAs) at the 95% probability level were
conducted to compare treatment effects [27]. If ANOVA showed significant effects, Tukey’s test was
used to determine differences between treatments. All statistical analyses and drawings were made
using Origin Pro 9.0 (OriginLab Corp, Northampton, MA, USA). There was no seedling emergence
when seeding was made at 2.5 cm soil depth. Because of this, only the percentage of germinated seeds
was used in the analysis of variance at this depth in response to sand burial and soil water content.

3. Results

3.1. Seedling Emergence and Speed of Seedling Emergence

Two-way ANOVA analyses showed that depths of sand burial, soil water content and their
interactions had a significant effect on the final percentage of emerged seedlings and the rate of
seedling emergence (p < 0.001, Table 1). Greatest (52.4%) and lowest (22.0%) values of seedling
emergence were found at 0.5 and 1.5 and 2.0 cm soil depths, respectively, in the same soil water content
(Figure 1A). Seedling emergence percentage was more than 12.9% greater (p < 0.05) at 0.5 than at 1.0 cm
of seed burial depths in each of the soil water contents (Figure 1A). When in the same burial depths,
this value increased as soil water content increased from 4% to 12% at 0.5 and 1.0 cm, but not at 1.5 and
2.0 cm soil depths (Figure 1B). At these later sand burial depths, however, seedlings were similar
among all experimental soil water contents (Figure 1B). The percentage of seedling emergence was
also similar at 8% and 16% of soil water contents at 0.5 and 1.0 cm depths of sand burial (Figure 1B).
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Table 1. Two-way ANOVAs for the effects of soil water content and depth of seed burial on seedling
emergence percentage and the rate of seedling emergence of Ulmus pumila var. sabolusa.

Source of Variation DF
Seedling Emergence Percentage (%) Rate of Seedling Emergence (Day´1)

F-Value p-Value F-Value p-Value

Depth of seed burial 3 137.470 0 201.103 0
Soil water content 3 26.371 <0.001 13.645 <0.001

Interaction 9 6.276 <0.001 4.459 0

At all soil water contents, the rate of seedling emergence decreased at least 81% as the depth of
sand burial increased from 0.5 to 2.0 cm (Figure 1C). The rate of seedling emergence was more than
47% greater at 1.5 than 2.0 cm of sand burial at all soil water contents (Figure 1C). When seeds were
buried in sand at 0.5 cm and 1.0 cm depths, the rate of seedling emergence significantly increased more
than 62% from 4% to 12% of soil water content. However, the values were similar (8.1 day´1) at 8%
and 16% of soil water content (Figure 1D). Also, the seedling emergence rate showed a similar trend
among different soil water content at 1.5 cm (3.4 day´1) and 2.0 cm (1.8 day´1) of sand burial depths
(Figure 1D).
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Figure 1. Seedling emergence and rate of seedling emergence for seeds of Ulmus pumila var.sabulosa 

buried by sand to various depths and exposed to various soil water contents. (A) Seedling emergence 

exposed  to different  soil water  contents;  (B)  Seedling  emergence  buried  by different  sand  burial 

depths; (C) Rate of emergence exposed to different soil water content; (D) Rate of emergence buried 

by different sand burial depths. Each histogram is the mean ± 1 S.E. of n = 5. Within each soil water 
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Figure 1. Seedling emergence and rate of seedling emergence for seeds of Ulmus pumila var. sabulosa
buried by sand to various depths and exposed to various soil water contents. (A) Seedling emergence
exposed to different soil water contents; (B) Seedling emergence buried by different sand burial depths;
(C) Rate of emergence exposed to different soil water content; (D) Rate of emergence buried by different
sand burial depths. Each histogram is the mean ˘ 1 S.E. of n = 5. Within each soil water content or
burial depth, different letters among themindicate significantly differences at p < 0.05.

3.2. Germinated Seeds Which Did Not Grown into Seedlings

The percentage of germinated seeds that had not grown into seedlings was affected by the depths
of sand burial and soil water content and their interactions (p < 0.001, Table 2). Seed germination was
more than 49.5% greater at 2.5 cm than at 1.0 and 1.5 cm of sand burial depths when soil water contents
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were in the range of 4% and 8% (Figure 2A). At 12% and 16% of soil water contents, however, the
value was lower at 1.0 and 2.5 cm (3.3%) than at the other three (8.1%) sand burial depths (Figure 2A).
At all studied sand burial depths, the seed germination percentage was similar at 4% and 8% of soil
water content (Figure 2B). This value was at least 28.3% greater at 4% and 8% than at 12% and 16% of
soil water contents at sand burial equal to or greater than 1 cm. However, seed germination was 25%
greater at 12% than 16% of soil water content at 0.5 cm sand burial depths (Figure 2B).

Table 2. Two-way ANOVAs for the effects of soil water content and depth of sand burial on germinated
seeds that had not grown into seedlings of Ulmus pumila var. sabolusa.

Source of Variation
Germinated Seeds Which Did Not Grow into Seedlings (%)

DF Mean Square F-Value p-Value

Depth of seed burial 4 65.922 6.631 <0.001
Soil water content 3 1403.936 141.219 0

Interaction 12 45.198 4.546 <0.001
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Figure 2. Germinated seeds which didnot grow into seedlings (%) on Ulmus pumila var. sabolusa buried
by sand to various depths and soil water contents. (A) Germination but not grown into seedling rate
exposed to different soil water content; (B) Germination but not grown into seedling rate buried by
different sand burial depths. Each histogram is the mean ˘ 1 S.E. of n = 5. Within each soil water
content or burial depth, different letters among them indicate significantly differences at p < 0.05.

3.3. Seedling Height and Root/Shoot Ratio

There were significant effects of burial treatments, soil water content and their interactions on
seedling height and the root/shoot ratio (p < 0.05, Table 3). Seedling height was similar when seeds
were buried between 0.5 and 1.5 m depths of sand at 4%, 12% and 16% soil water content (Figure 3A).
At all soil water contents, seedling height was greater at 0.5, 1.0 and 1.5 cm than at 2.0 cm of sand
burial depths (Figure 3A). At 8% of soil water content, seedling height was similar at 0.5 and 1.5 cm
burial depths, and greater at 1.0 cm than 2.0 cm depth of sand burial (Figure 3A). On all studied sand
burial depths, seedling heights were greatest at 12% and 16%, and lowest at 4% of soil water contents
(Figure 3B).
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Table 3. Two-way ANOVAs for the effects of soil water content and depth of sand burial on seedling
height and root/shoot ratio of Ulmus pumila var. sabulosa.

Source of Variation DF
Seedling Height Root/Shoot Ratio

F-Value p-Value F-Value p-Value

Depth of seed burial 3 50.344 0 20.271 <0.001
Soil water content 3 279.845 0 42.422 0

Interaction 9 2.243 0.024 4.124 0.04

Root/shoot biomass ratio firstly decreased and then increased as the sand burial depths increased
in the same soil water content (Figure 3C). At 4% of soil water content, the ratio was similar (about 0.3)
among seed burial depths (Figure 3C). However, the root/shoot ratio was significantly greater at 2.0
than 1.0 cm burial depths when soil water contents were from 8% to 16%, except no difference was
found at 0.5 and 1.5 cm of sand burial depths (Figure 3C). At 12% and 16% of soil water contents,
the root/shoot biomass ratio was significantly lower at 1.0 cm than at other depths of sand burial
(Figure 3C). When in the same sand burial depth, the greatest and lowest root/shoot ratios were found
at 4% and 16% of soil water contents (Figure 3D).
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Figure 3. Seedling height and root/shoot ratio of Ulmus pumila var. sabolusa after burying seeds insand
at various depths and exposing them to different soil water contents. (A) Seedling height exposed to
different soil water content; (B) Seedling height buried by different sand burial depths;.(C) Root/shoot
ratio exposed to different soil water content; (D) Root/shoot ratio buried by different sand burial
depths. Each histogram is the mean ˘ 1 S.E. of n = 5. Within each soil water content or burial depth,
different letters among themindicate significantly differences at p < 0.05.

4. Discussion

4.1. Seed Germination, Seedling Emergence and Speed of Seedling Emergence

In the sand land regions, seeds are exposed to various degrees of sand burial after dispersal [10].
Sand burial can substantially modify various soil physical variables for vegetation establishment
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and growth; these variables could reduce temperature, enhance humidity and improve soil
microenvironment characteristics, becoming a critical factor for regulating plant distribution and
community establishment [17]. Seedling emergence and growth are exposed to a certain degree of
sand burial at early developmental morphology stages, which could modify plant establishment and
allow colonization of new habitats in the sandy environments [7,9].

Timing of dispersal of elm seeds coincides with the period of frequent sand blown by winds; as a
result, most seeds are exposed to various degrees of sand burial [20]. Results of our study showed that
the optimal seed burial depth by sand was 0.5 to 1.0 cm for seed germination, which subsequently
determined the final emergence percentage and rate of seedling emergence. There was a marked
reduction in the percentage and rate of seedling emergence when seed burial by sand exceeded 1.0 cm.
No seedlings emerged were found when seeds were buried by more than 2.0 cm. These results suggest
that 1.0 cm of seed burial is a crucial threshold for seed germination, and beyond this sand burial depth,
these variables most likely will be markedly reduced. This confirms previous findings on the perennial
sand-dune grass Leymussecalinus in the Mu-Us sandy land [28] and on the psammophyte species
Hedysarun leave and Caraganakorshinskii in the Ordos plateau [29]. The reported sand burial depth
for a suitable germination and seedling emergence of most woody plants has been approximately
2.0 cm; when sand burial has been greater than that, the processes of seed germination and seedling
emergence would be reduced [30]. Reductions in seedling emergence might not only be related to sand
burial depths, but also with energy storage in seeds and seed morphological structures [2]. A greater
energy storage in the endosperm or cotyledons of seeds increase the probability that seedlings can
emerge from deeper soil depths [31]. Increases of seed burial by sand increases soil compaction, which
subsequently increases the resistance to growth from apical meristems, thus preventing stems from
growing up. Meanwhile, the shape of seeds can also affect seedling emergence [13,32]. Slender and
oval seeds have shown a trend to germinate and emerge rapidly in the soil [7]. Compared with other
woody plants, sandy elm seeds have a relatively low quality, having limited nutrients but a wing
structure that can absorb water easily. This can increase the contact with sandy soil but reduce the
probability of germination from the soil surface [12,19]. Sandy elm seeds have not shown dormancy
characteristics, and their survival period after dispersal has been low [14]. Large numbers of seeds can
be found dead in the deep soil profile, which contributes to explaining the low seedling emergence
after seed dispersal in the Horqin Sandy Land.

Soil moisture is also an important factor for determining seed germination and seedling
emergence [28]. Water uptake by seeds would be greatly reduced if soil moisture is low [13]. Even
though seeds can germinate when enough soil water is available, soil moisture conditions might not
be subsequently enough to maintain seedling emergence [33]. Within a certain range of soil water
contents, however, the capacity for seedling emergence can be enhanced if soil water contents are
increased. We demonstrated that at 12% of soil water content, seeds showed the greatest germination
percentage and rate of seedling emergence, and a low percentage of germinated seeds that had not
grown into seedlings. These results are in agreement with the response of Artemisiaordosica and
Artemisia. sphaerocephala to soil moisture in western China [34,35]. When soil water content was over
12%, seedling emergence and the rate of seedling emergence declined. This may be the result of a high
soil water content reducing soil aeration and oxygen availability in the soil [36]. In the wild area, when
humidity was too high, the number of soil microbial pathogens was increased and that of symbiotic
fungi was reduced, which was not conducive to seedling emergence and growth [37]. In a previous
exploratory study in the study area, we found out that the average soil surface water content was from
1% to 4%, and it reached 5%–7% after moderate rains. These conditions might be conducive to low
seed germination. Simultaneously, strong winds and high evaporation often occur during the period of
seed dispersal at our study site. This might further reduce seed germination and subsequent seedling
emergence because of an insufficient water supply. This might help to explain the lower percentage of
seedling emergence and the rate of seedling emergence, but not excessive (i.e., 16%) soil water contents
from 0.5 and 1.0 cm of sand burial depths in our study. Also, soil water contents equal to or greater
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than 12% significantly decreased the percentage of germinated seeds which grew up into seedlings in
comparison to lower soil water contents.

4.2. Seedling Height and Root/Shoot Ratio

Height and root/shoot ratio are important indicators of seedling growth and biomass allocation,
respectively. Seedling growth is vulnerable to external environmental factors at early developmental
morphology stages [16]. Within 4% to 12% soil water contents, seedling height increased independently
of the study seed burial depths. These results are in agreement with reports on Artemisia ordosica and
Artermisia monosperma [34,38]. However, Seiwa et al. [31] reported that seedling growth was inhibited
because of excessive soil water contents and poor soil aeration. This might contribute to explaining
the lower seedling height at 16% than at 12% of soil water content at all studied seed burial depths.
Seedling height was greatest at the 0.5 cm seed burial depth when the soil water content was 12%.
However, when the soil water contents was from 8% to 16%, seedling height was greater at 0.5 and
1.0 cm of sand burial depths than at 1.5 and 2.0 cm seed burial depths. A similar growth stimulation
at lower seed burial depths was reported on Suaeda salsa and Triplasispurpurea [39,40]. Sun et al. [40]
showed that moisture could be kept in the root zone at smaller rather than greater seed burial depths
to improve seedling growth and development. These positive feedback effects would recede when
plant tolerance levels are exceeded, thus constraining the subsequent plant growth [39].

Plants shifted biomass allocation in response to decreases in soil water content: under these
conditions, there was a greater biomass allocation to roots than shoots. Liu et al. [17] reported that
changes in biomass allocation are meant to reduce the influence of external disturbances and guarantee
normal growth and development. Increases of soil water content, on the other hand, increased biomass
allocation to shoots which will most likely lead to increases in photosynthesis [40]. Under any study of
soil water content, moderate seed burial depth (i.e., 1 cm) increased biomass allocation to above-ground
tissues. Similar effects have been reported for Psammochloavillosa [37] and Achnatheruninebrians [41].
These authors showed that there was a positive relationship between the depth of seed burial and the
fixation of light energy, which in turn induced a greater biomass allocation to roots during the early
developmental morphology stages of seedlings [41]. However, few plants buried in sand have been
able to transfer C resources from roots to shoots (e.g., Caraganaintermedia: [32]; Bromusinermis: [42]).
These findings show that plant biomass allocation in response to sand burial not only depends on the
species but it is also associated with the plant adaptation to the habitat.

5. Conclusions

Soil water content, seed burial depth and their interactions had a significant effect on the
proportion of germinated seeds which did not grow out into seedlings, and on seed germination and
seedling emergence, and the growth and development of the sandy elm. Either low or excessive soil
water content or seed burial depth would reduce the ability for seedling emergence and growth of
the sandy elm. The most suitable range of seed burial depth was from 0.5 to 1.0 cm and the soil water
content was about 12%, respectively, for the processes of seedling emergence and growth at the early
developmental morphology stages of seedlings. The different responses of the studied plant variables
to soil water content and seed burial depth indicate that the burial of seeds by sand should be rather
shallow from the soil surface (i.e., 0.5 cm to 1.0 cm) and watering should be done during the dry season
in artificial cultivation.
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