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Abstract

Aims How landscape configuration, dispersal agents
and diaspore features interact to determine the input of
seeds into the soil, which is the first part of the formation
of a soil seed bank, is a major challenge. This study
explored the role of diaspore traits and sand surface
configuration in determining the number of seeds that
become buried during wind dispersal.

Methods We investigated seed burial probability of 36
species with different diaspore traits under eight wind
speeds and three sand surface configurations during
wind dispersal by using a wind tunnel.

Results Wind speed rather than diaspore traits and sand
surface configuration was the most important factor

Highlight The effect of diaspore traits on seed burial during wind
dispersal is modified by the shifts in wind speed and sand surface
configuration
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affecting the burial of seeds. Effects of slope direction
and surface barrier on seed burial were regulated by
wind speed. Effects of diaspore traits on seed burial
were only significant at high wind speeds, and seed
burial was more likely to be formed for small or flat
elongated diaspores than for large or spherical ones.
Conclusions The effect of diaspore traits on seed
burial is modified by the shifts in wind speed and
sand surface configuration.

Keywords Diaspore appendage type - Dune
configuration - Seed terminal velocity - Wind barrier -
Wind speed - Wind tunnel

Introduction

Soil seed bank is generally defined as the living seeds
present in the soil and the litter layer on the soil surface
(Simpson et al. 1989), which provides diaspores for
population maintenance and community assembly. It is
relevant for all vegetation processes and of practical
significance in ecological restoration of degraded eco-
systems (Harper 1977; Thompson and Grime 1979).
The formation of soil seed bank consists of seed dis-
persal, settlement and burial (Chang et al. 2008;
Rotundo et al. 2015). Regardless of seed bank types,
i.e. transient and persistent seed bank (Thompson and
Grime 1979), the first step in the formation of a soil seed
bank is that the seeds need to be buried (Baskin and
Baskin 2014). In addition, burial is believed to be a way
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to protect seeds from germination and predation (Fenner
and Thompson 2005).

A lot of species are maintained by possessing a soil
seed bank, and population recruitment and community
assembly are dependent on the formation of a soil seed
bank in many cases (Sletvold and Rydgren 2007; Helsen
et al. 2015). To understand the characteristics and func-
tions of the soil seed bank, we need to study the size,
type, composition, and spatiotemporal pattern of soil
seed banks. On the other hand, we need to study soil
seed bank formation and its relevance to various biotic
and abiotic factors. In particular, we need to know how
seeds are buried. For restoration and biodiversity con-
servation, understanding how seeds are buried is more
important than knowing seed bank size and pattern,
because the former can help us understand why seeds
of the target species are not available and how we can
increase seed availability.

In general, landscape configuration, dispersal agents
and diaspore features are associated with seed bank
formation (Lopez 2003; Wang et al. 2005; Yan et al.
2005). The factors of landscape configuration affecting
seed bank formation can include matrix type, slope
direction, slope angle, vegetation cover, and surface
barriers (Redbo-Torstensson and Telenius 1995; Li
2008). They may affect seed deposition pattern by re-
ducing wind speed, changing wind turbulence and
intercepting seeds (Chambers 2000; Nathan and
Muller-Landau 2000). The dispersal agents like ani-
mals, water and wind play their roles in the formation
of'seed bank. The predation preference of animals, water
flow direction and wind condition can affect the dispers-
al process (Bakker et al. 1996; Navie et al. 1996; Obeso
etal. 2011), leading to variation in seed bank formation.
Diaspore features like morphological traits, appendage
types and aerodynamic attributes can separately or to-
gether control the burial of seeds (Du et al. 2007; Symes
2012). Diaspore morphological traits may have dual
conflicting roles in seed burial: promoting or impeding
(Maddox and Carlquist 1985).

How landscape configuration, dispersal agents and
species features interact to determine seed burial has
been a research focus for plant ecologists, conservation-
ists and ecological engineers (Baskin and Baskin 2014).
Seed burial is a complex process, affected by factors
such as soil features, seed characters, natural dispersal
forces and tillage practices (Chambers 1991; Benvenuti
2007; Egawa et al. 2009). However, the process and
mechanism of seed burial are not been well known.
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Here, we concentrate on how diaspore traits, wind speed
and sand surface configuration interact to determine
how many seeds are buried by wind during dispersal.

Anemochores, accounting for an average of 10%
to 30%, and up to 70% of the species in the temperate
vegetation (Willson et al. 1990; Oudtshoorn and
Rooyen 1999), appear in all vegetation types in the
world, and they are especially common in open hab-
itats such as steppe, wasteland, desert, sand dune and
road edge (Collins and Uno 1985). The dispersal of
diaspores by wind includes primary and secondary
dispersal (Chambers and Macmahon 1994;
Oudtshoorn and Rooyen 1999). At present, system-
atic and empirical studies on how soil seed banks are
formed, especially on how diaspore traits, sand sur-
face configuration and wind speed interact to deter-
mine seed burial at a site have rarely been conducted.
Lack of the information on seed burial impedes judg-
ing seed fate and determining plant adaptive strategy
in windy environments and screening vegetation res-
toration measures for degraded open habitats.

Proper experimental methods are essential for quan-
titatively describing seed dispersal processes. Due to the
high variability of wind speed and direction, field ob-
servations make it difficult to meet the demands for a
quantitative description of seed dispersal and seed bank
formation (Maler et al. 1999). Similarly, long-term mon-
itoring is of little help in establishing the quantitative
relations between diaspore traits, sand surface configu-
ration and wind speeds due to unpredictable features of
the field condition (Driscoll et al. 2014). Controlled
experiments, taking into account the combination of
various elements and their gradients to determine and
compare processes and interactive relations of different
experimental designs, are necessary for the research on
seed dispersal and burial (Nathan et al. 2008). Thus,
wind tunnels are being used to conduct controlled ex-
periments on seed dispersal by wind and some interest-
ing results have been obtained (Maler et al. 1999; Baker
and Beck 2008; Pinceel et al. 2016).

Trichomes, pappus, plumes, and other appendages
on diaspores provide them with wind dispersal capacity
(Andersen 1993; Maler et al. 1999; Vittoz and Engler
2007). Many studies indicate that the capacity for wind
dispersal is affected not only by type of appendage but
also by other attributes such as diaspore mass, terminal
velocity, wing loading, projected area and shape index
(Nathan and Muller-Landau 2000; Aavik and Helm
2017). Chambers (1991) demonstrated that small seeds
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were more likely to be trapped by small soil particles
than large ones. Peart (1981) found that awns serve as a
mechanism for orientation and interposition into soil
after diaspore dispersal. However, few reports have been
found on the functions of seed attributes in seed anchor-
ing and burial.

In our study, we aimed to determine the role of
diaspore traits, sand surface configuration and wind
speed in the number of seeds that become buried
during the dispersal by wind. Thus, a field wind
tunnel experiment was conducted, and various dia-
spore traits, different sand surface configuration and
wind speeds were considered.

Materials and methods
Definition of seed distribution pattern

The seed distribution pattern after secondary dis-
persal by wind consists of two parts: horizontal
distribution and vertical distribution. Horizontal dis-
tribution has three cases: unshifted (diaspores stayed
in situ), distantly-dispersed (diaspores dispersed a
certain distance) and infinitely-dispersed (diaspores
dispersed to infinity). Vertical distribution includes
three situations: aboveground distribution (diaspores
caught on barriers, and not contacting the ground),
on the ground distribution (diaspores left on the
ground), and underground distribution (diaspores
buried). In this study, we considered diaspores burial
by sand to be soil seed bank formation.

Diaspore selection and traits measurement

Ignoring family characteristics of the species, each dia-
spore was characterized by its morphological traits.
Different gradients were set according to the diaspore
size and shape. Air dried diaspores of 36 species, with
(wing, thorn or hair) or without appendages, a mass
range of 1.12-231.46 mg and a shape index range of
0.001-0.194 (Table 1), were selected as the actual spe-
cies models to conduct the wind tunnel experiment.
Nine of the species did not have an appendage (mass
ranged from 1.115 mg to 66.6 mg, shape index ranged
from 0.01 to 0.101), seven species had hairs (mass
ranged from 1.12 mg to 11.625 mg, shape index ranged
from 0.001 to 0.194), six species had thorns (mass
ranged from 1.065 mg to 74.66 mg, shape index ranged

from 0.004 to 0.067), and fourteen species had wings
(mass ranged from 4.77 mg to 231.46 mg, shape index
ranged from 0.002 to 0.173).

To facilitate soil seed bank investigation, dia-
spores with thorns, wings and without appendage
were lightly sprayed with red aerosol paint, while
diaspores with hairs were colored using red water-
based markers. The dyed diaspores were naturally
air-dried and placed in plastic boxes to ensure the
integrity of morphological structure.

Diaspore traits like mass, shape index, wing loading,
projected area and terminal velocity are important indica-
tors for measuring the process of seed wind dispersal
(Casper and Grant 1988; Matlack 1992; Casseau et al.
2015) and seed bank formation (Peart 1984; Thompson
et al. 1993; Funes et al. 1999). In our study, traits of dyed-
diaspores were measured to avoid the influence of dyes on
the attribute value. Twenty intact diaspores of each species
were selected for the measurements. Length, width and
thickness of diaspore were measured with Vernier caliper

(0.01 mm accuracy). The diaspore shape index was cal-

Length  Width Height)
Length > Length > Length

culated as: Shape index = variance (

(Thompson et al. 1993).

Diaspore mass was measured by an electronic
balance (0.1 mg accuracy). After scanning with a
digital scanner, the projected area of each diaspore
was determined with the image analysis software
Motic Image Plus 2.0 (Motic China Group Co.,
Ltd., USA). The wing loading was calculated as the
ratio of seed mass to projected area (Matlack 1987;
Howlett 1995; Greene and Johnson 1997). Terminal
velocity was defined as a steady and maximum speed
when the air resistance is equal to the pull of gravity
during a free fall of diaspore in the motionless air
(Green 1980). The terminal velocity was measured
with an apparatus described by Zotz et al. (2016).

The wind tunnel used

Controlled experiments with wind tunnels have become
anew trend in the study of seed wind dispersal processes
(Baker and Beck 2008; Lemke et al. 2009; Johnson and
Fryer 1992; Pinceel et al. 2016). The use of a large-
scaled portable field wind tunnel conforms to the phys-
ical similarity of horizontal wind and can accurately
simulate the wind dispersal of diaspores. The wind
tunnel used was 2 m high, 2 m wide, with a 20 m-long
test section, and the sections could be adjusted so that
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Table 1 Diaspore traits of the 36 studied species (Mean =+ SE)

Species Appendage Mass (mg) Projected Area Shape Index ~ Wing Loading Terminal
Types (mm?) (mg~mm72) Velocity (ms )
Heracleum dissectum wing 4.77+0.603 38.527 +2.683 0.148+0.005 0.124+0.012 1.544+0.184
Haloxylon ammodendron wing 6.776 +1.383 36.839+4.368 0.063+£0.022 0.186+0.04 1.685+0.353
Syringa oblata wing 9.905 +1.807 25.481+£2.892 0.152+£0.011 0.394+0.086 2.428+0.27
Althaea rosea wing 16.935+0.613 44,744 £1.626 0.119+£0.013 0.379+£0.02  2.728+0.473
Ailanthus altissima wing 17.09+1.754 191.062+11.037  0.173+0.003 0.09+0.01 1.043 £0.06
Ferula bungeana wing 21.225+2.766 50.52+8.331 0.129+0.008 0.428+0.075 2.74+0.223
Atriplex canescens wing 31.35+8.569 77276 +13.293 0.007+£0.005 0.409+0.093 2.485+0.228
Acer negundo wing 35.799 +£5.255 197.827+£20.144 0.16+0.002 0.181+0.015 0.78+0.066
Calligonum leucocladum wing 52.095+4.929 166.598+16.548  0.002+0.003 0.314+0.028 2.255+0.164
Zygophyllum xanthoxylon (disc) wing 90.685+18.334  603.932+£83.549 0.142+£0.016 0.152+0.031 1.646+0.213
Calligonum rubicundum wing 149.975+£25.795 218.669 +26.68 0.003+0.003 0.686+0.082 3.098+0.141
Zygophyllum xanthoxylon wing 163.47 +43.58 558.871+102.138 0.013+£0.007 0.291+0.045 1.959+0.244
(four-winged)
Koelreuteria paniculata wing 178.635+20.052 765.118+85.573  0.167+£0.004 0.237+0.043 2.475+0.385
Acer nikoense wing 231.46+26.136  491.381+33.327 0.136+0.002 0.471+0.058 1.103+0.082
Tragus berteronianus thorn 1.065 +0.496 5.125+0.446 0.067+0.023 0.211+0.105 1.844+0.416
Lappula redowskii thorn 6.775+1.664 11.156 +1.702 0.004+£0.003 0.607+0.12  2.225+0.441
Agrimonia pilosa thorn 16.155+2.413 15.584+2.21 0.056£0.006 1.039+£0.074 3.09+0.266
Tribulus terrester thorn 26.345+13.79 24244 +£5.742 0.016+£0.008 1.167+0.74  2.714+0.239
Calligonum alaschanicum thorn 44.42 +£10.625 73.215+16.064 0.007+0.004 0.615+0.122 3.285+0.116
Xanthium sibiricum thorn 74.66£21.572 45.319+£3.998 0.027+£0.004 1.677+0.576 3.729+0.213
Aster tataricus hair 1.12+0.233 24.731+£5.72 0.057+£0.021 0.046+0.01  0.622+0.111
Cirsium japonicum hair 2.34+1.109 203.032+£43.006 0.001+£0.002 0.013+£0.008 0.315+0.045
Syneilesis aconitifolia hair 4.66+1.146 50.91+14.036 0.027+£0.01  0.097+0.033 1.305+0.38
Catalpa ovata hair 5.005+1.227 73216 £16.911 0.194+0.004 0.069+0.015 1.078+0.173
Atractylodes coreana hair 6.865+1.841 35.125+7.469 0.007+£0.005 0.205+0.075 0.749+0.112
Echinops gmelini hair 9.115+£1.86 40.598 £4.212 0.006£0.004 0.227+0.055 2.195+0.225
Atractylodes japonica hair 11.625+4.031 34.085+5.061 0.041+£0.024 0.351+0.136 2.493+0.194
Viola yezoensis none 1.115+£0.239 1.388+0.16 0.031+0.009 0.819+0.231 0.551+0.031
Scirpus planiculmis none 2.32+0.221 5.668 +£0.425 0.092+£0.004 0.41£0.039 0.66+0.044
Kummerowia striata none 2.393+0.345 4.303+0.367 0.088+0.02 0.558+0.084 1.171+0.094
Carex lehmanii none 5.165+0.403 8.218+0.635 0.101£0.005 0.631£0.057 1.258+0.461
Panicum bisulcatum none 5.125+0.693 4.705+0.492 0.046+£0.006 1.103+0.2 1.792+0.19
Thermopsis lanceolata none 18.185+3.573 9.322+0.781 0.019+0.003 1.956+0.378 2.858+0.371
Platycladus orientalis none 22.405+£10.257 14.758 £1.586 0.062+0.011 1.537+0.726 3.01+0.39
Euonymus bungeanus none 40.865+10.544  20.209 +£2.554 0.041+£0.009 2.037+0.526 2.47+0.252
Messerschmidia sibirica none 66.6+7.452 34.095+3.187 0.01+0.006 1.961+0.234 3.457+0.262

the wind tunnel could be installed on an undulating
terrain. Wind speed was monitored with a Magnesense
II Differential Pressure Transmitter (MS2-W102-LCD,
Dwyer Instruments Inc., Indiana, USA) out of the wind
tunnel and a Pitot tube (160-96, Dwyer Instruments
Inc., Indiana, USA) within the wind tunnel. A Pitot tube
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(a tubular device that measures the total pressure and the
static pressure of the airflow to determine the velocity of
the wind), located 10 m away from the power section,
inserted through the roof, with the pitot hole 1 m from
the ground, was used to measure the wind speed at 1 m
above the sand surface (Fig. 1).
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Fig.1 The sketch graph of seed burial experiment by wind tunnel.
1-Starting point section, 2-Power section, 3 and 4-Diversion sec-
tion, 5-Rectifying section, 6-Transitional section, 7-Draft gear, 8-
Road wheel, 9-Electric landing gear, 10-Experimental section, 11-
Schematic plan of barriers pavement, 12-Starting point of the
experiment, 13-Straw check boards, 14-Diagram of the straw
check board dimensions, 15-The experimental section of wind
tunnel, 16-Pitot tube, 17-Diaspore, 18-Pullable iron cover, 19-
Differential pressure transmitter, 20-wire net. The wind tunnel
used is 2 m in height, 2 m in width, and 20 m in length. Three
sand surface configurations: upwind slope (6-8°), with the power
section of wind tunnel at the lower part of the slope (a), downwind

Preparation of sand surface configuration

We climinated the effects of substratum attributes
like roughness, moisture content and non-substrate
impurities on the final deposition of seeds (Johnson
and Fryer 1992; Schurr et al. 2005; Sun et al. 2012),

slope (6-8°), with the power section at the upper part of the slope
(b), upwind slope with barriers, using straw check boards, 1 m X

1 m in size and 0.1 m in height, as barriers (¢). The straw check
board is 2 m away from the starting point of the experiment and the
barrier section is 8 m in length, 2 m in width. One and two halves
straw check boards transversely is designed to ensure one entire
straw check board at the central of transverse section. Ten dia-
spores of each species are landed on the surface 10 m away from
the power section, and covered with an iron cover. The iron cover
is pulled up to release diaspores when the experiment starts. A wire
net is set up at the outlet of wind tunnel to recollect the diaspores

(d)

and only considered the influence of the slope direc-
tion and obstacles on seed burial. Thus, the relatively
ideal eolian sand from moving sand dune was chosen
as the sand surface matrix. A moving sand dune
(106°35'E, 40°17°N) in the Ulanbuh sand dune field
in northwestern China, with the gradient about 6

@ Springer



362

Plant Soil (2019) 440:357-368

degrees and length about 50 m, was selected to con-
duct the wind tunnel experiment.

To remove the impact of non-substrate impurities
(such as stones, irregular plants, solid refuses, etc.) on
experiment results, vegetation on the sand surface was
manually removed, and the matrix to the depth of 30 cm
was sieved with a mesh size of 5 mm. The sand used in
this experiment was naturally air-dried to avoid influ-
ence of matrix moisture on the results.

Before the experiment started, boards (1.5 m in
length, 2 m in width) with their surfaces covered with
sand grains were placed over the transitional section of
the wind tunnel to prevent the sand from moving and
burying the experimental section and to ensure that the
land surface of the transitional section was the same as
the experimental section.

To avoid impacts of footprints on underlying surface,
boards (1.5 m in length, 0.3 m in width, and 0.01 m in
thickness) were used to cover the sand surfaces near the
walls of the wind tunnel when investigating the number
of seeds buried in the wind tunnel. The boards were put
upright against the walls on both sides of the wind
tunnel after finishing each investigation.

Controlled experiment on seed burial

Thirty-six species with different diaspore traits (append-
age type, diaspore mass, projected area, shape index,
wing loading and terminal velocity) were used to con-
duct the experiments under three sand surface configu-
rations: upwind slope, downwind slope, and upwind
slope with barriers. Eight wind speeds were applied.
Ten diaspores of each species were employed each time
and five replicas were adopted for each treatment. In
total, 43,200 diaspores (times) (36 speciesx3 sand sur-
face configurationsx8 wind speedsx 10 diasporesx5 rep-
licas = 43,200) were involved.

When the experiment was conducted on the upwind
slope, the power section of the wind tunnel was at the
lower part of the slope, i.e. the wind blew towards the
slope (Fig. 1a). While on the downwind slope, the
power section was at the upper part of the slope, i.e.
the wind blew downward the slope (Fig. 1b).

Barriers can affect seed dispersal by regulating
the wind speed and surface roughness (Nathan and
Muller-Landau 2000). To explore the presence or
absence of obstacles on seed burial by sand, a stan-
dardized, controllable, and commonly-used sand-fix-
ing straw check boards were selected as the
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experimental barrier. The straw barriers were located
only on the upwind slope, and they consisted of
straw placed upright in the sand around the edges
of a I m x 1 m square; height above the surface was
0.1 m. Straw check boards were set at 2 m away
from the starting point of the experiment to ensure
that the diaspores were dispersing before they en-
countered the barriers. The barrier section was 8§ m
long (parallel to the wind tunnel), 2 m wide (per-
pendicular to the wind tunnel), i.e. there were eight
straw check boards (8 barriers) lengthwise, one and
two halves straw check boards (2 barriers) breadth-
wise. The reason for designing one and two halves
straw check boards transversely was to ensure an
entire straw check board at the central part of trans-
verse section of the wind tunnel (Fig. 1c).

The wind speeds (measuring 1 m height from the
ground) were set at 3, 4.3, 5.6, 6.9, 8.2, 9.5, 10.8 and
12.1 m's ', increased by 1.3 m's ' between two adjacent
wind speeds, and at a height of 10 m from the ground
they were 4.1, 6.0, 7.7, 9.5, 11.3, 13.1, 14.9 and
16.7 m's !, respectively (Touma 1977), corresponding
to Beaufort wind scale from level 4 to 7 (Mather 1987).
Ten diaspores of each species were released from 10 cm
above the sand surface near the starting point of the
experiment section to make diaspores randomly lay on
the surface. After landing, diaspores were covered with a
specially designed iron cover. The iron cover was pulled
up to release the diaspores when the wind reached a
constant speed. Two minutes later, the wind tunnel was
turned off. A wire net was set up at the outlet of wind
tunnel to recollect the diaspores (Fig. 1d). Each wind
speed was tested following the same procedures until all
wind speeds were completed. Five replicas were applied.

Seed burial investigation

Seed burial was determined after the wind had been
stopped. Since the diaspores involved might be on the
ground, dispersed to infinity or buried underground, we
first found the diaspores on the ground and captured by
wire net and straw check boards; thus, we could calculate
how many diaspores were buried belowground. Then,
we used the shovels and brushes to retrieve the diaspores
buried within the entire experimental section. The search
was not stopped until all 10 diaspores were found. Since
10 diaspores were released each time and 5 replicas were
used, we calculated the probability of seed burial, as the
proportion of 50 diaspores that were buried in sand.
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Data analysis

Ordination analysis was conducted to assess varia-
tion of seed burial probability corresponding to
shape index, diaspore mass, projected arca, wing
loading, terminal velocity, appendage type, sand
surface configuration and wind speed. Canonical
correspondence analyses (CCAs) based on correla-
tion matrixes of seed burial probability and explan-
atory factors were conducted using Canoco 5.0 (ver-
sion 5.0, Microcomputer Power, Ithaca, NY, USA)
(Tackenberg 2003). The contribution of each explan-
atory variable to the variation in seed burial proba-
bilities was tested following standardized
interactive-forward-selection procedures. The varia-
tion of seed burial under different wind speeds was
analyzed, the polynomial regression on wind speed
and average seed burial probability was performed,
and the Pearson correlation analysis on diaspore
attributes and seed burial probability was conducted.
The stepwise regression analysis comparing the ex-
planations of diaspore traits (mass, projected area,
shape index, wing loading and terminal velocity) on
the variation of seed burial probability under differ-
ent wind speeds was applied using IBM SPSS Sta-
tistics 22.0 (IBM Corporation 1989-2013, USA).
Plots were drawn using AutoCAD 2007 (Autodesk
Incorporation 1982-2006, USA) and Origin Pro 8.5
(OriginLab Corporation 1991-2010, USA).

Results

Effect of wind speed, diaspore traits and sand surface
configuration on seed burial

All factors combined explained 39.1% of the total
variation in probability of seed burial. Wind speed,
positively related to seed burial probability, was the
most important factor affecting the burial number
of seeds, and explained 30.4% of the variation.
Diaspore traits, explained 8.6% of variation in seed
burial probability. However, sand surface configu-
ration explained only 0.1% of the variation
(»p>0.01), and had no significant effect on seed
burial. The contribution of wind speed, diaspore
traits and sand surface configuration to the varia-
tion in seed burial probability were 77.8%, 21.9%
and 0.3%, respectively (Table 2).

Seed burial probability in relation to sand surface
configuration

The total probabilities of seed burial under the three
sand surface configurations were ordered as downwind
slope > upwind slope > upwind slope with barriers
(Fig. 2a). The wind speed threshold for seed burial on
both the upwind and downwind slopes was 6.9 m's™",
while that on the upwind slope with barriers was
8.2 ms ! (Fig. 2a). The straw check boards increased
the wind speed threshold for seed burial. The differences
in seed burial probability between upwind slope and
downwind slope became obvious when the wind speed
was higher than 4.9 m's"'. When wind speed was 4.9—
13.2 m's”', seed burial probability on the downwind
slope was higher than that on the upwind slope. When
wind speed was higher than 13.2 m-s™', seed burial
probability on the downwind slope was less than that
on the upwind slope (Fig. 2b). Compared with the
upwind slope without straw check boards, the straw
check boards reduced probability of the seed burial
when the wind speed was 3.4-10.7 m's_'. However,
when the wind speed was higher than 10.7 m's™', the
straw check boards facilitated seed burial (Fig. 2b).

Seed burial probability in relation to diaspore traits

Of five diaspore traits, shape index, which was positive-
ly correlated with seed burial probability, and diaspore
mass, which was negatively correlated with seed burial
probability, were the two significant explanatory vari-
ables, explaining 6.1% (P<0.01) and 0.7% (P <0.05)
variation, respectively (Tables 2 and 3). When wind
speed was 3-9.5 m's ", the total contribution of diaspore
traits to seed burial increased with an increase in wind
speed but it decreased when the wind speed was
>10.8 m's ' (Fig. 3, for details, see Supplementary
Table S1). When wind speed was >6.9 m's, the effect
of diaspore traits on seed burial began to be significant.
When wind speed was >6.9 m's ', shape index was
positively correlated with seed burial probability. The
correlation coefficient increased with an increase in
wind speed, but it decreased when the wind speed was
up to 12.1 m/s. When wind speed was 9.5 m's ', the
probability of seed burial also had significant negative
correlation with diaspore mass and projected area, but
for the other wind speeds, no significant correlation
existed (Table 3).
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Table 2 Explanations and contributions of impact factors to the total variation in seed burial probability

Controlling Factors Parameters Explanations (%) Contributions (%) F P

Wind speed Wind Speed 30.4%* 77.8 378.0 0.001

Diaspore traits Shape Index 6.1°%* 15.6 55.4 0.001
Diaspore Mass 0.7* 1.7 4.9 0.021
Hairy Appendage 0.5% 1.3 3.6 0.047
Projected Area 0.4 1.1 34 0.066
Winged appendage 0.4 0.9 2.9 0.088
Wing Loading 0.3 0.7 1.8 0.190
Terminal Velocity 0.2 0.5 1.0 0.322
Without Appendage <0.1 <0.1 <0.1 0.869
Thorned Appendage <0.1 <0.1 <0.1 0.996

Sand surface configuration Upwind Slope with Barriers 0.1 0.2 0.6 0.462
Downwind Slope <0.1 0.1 0.4 0.544
Upwind Slope <0.1 <0.1 <0.1 0.854
Total (%) 39.1 100

*: significant at the level of 0.011 <p < 0.05, **: significant at the level of p <0.01

Fig.2 Comparison of seed burial
probability on three sand surface
configurations at different wind
speeds. In the box plot (a), the
thick line in the middle of the box
indicates the median of each
variable. The two ends of the box
represent the higher and lower
quartiles respectively. The upper
and lower thin lines outside the
box indicate the maximum and
minimum values except the
abnormal value. The “*”
indicates mean value, and the
“%” indicates extreme value. In
the polynomial regression
diagram (b), the solid regression
line corresponds to upwind slope
(squares), short-dashed line to
downwind slope (dots) and long-
dashed line to upwind slope with
barriers (triangles). Yypwind =
0.313x* - 1.939x +2.897, R*=
0.964, Ygownwing = 0.257x> —
0.925x —0.744, R* = 0.960,
Voarsier = 0.485%% — 4.364x +
9.110, R*=0.991

@ Springer

(a)

80+

Il Upwind slope
[__]Downwind slope

] Upwind slope with barriers

60

40

20

Probability of seed burial (%)

*

*

*
*
*
*
e Kok e wE

*

L

56

6.9 8.2
Wind speed (m's™)

95

10.8

121

(b)

Probability of seed burial (%)

30

25

®  Upwind slope
® Downwind slope
A Upwind slope with barriers

20

Wind speed (m's™)




Plant Soil (2019) 440:357-368 365
Table 3 Correlation matrix between diaspore attributes and seed burial probability

Wind Speed MS PA SI WL TV

r Sig. r Sig. r Sig. r Sig. r Sig.

3 m/s —0.055 0.573 —0.043 0.662 —0.098 0.312 -0.067 0.492 -0.129 0.185
4.3 m/s -0.089 0.360 —-0.069 0.477 -0.120 0.216 —-0.105 0.282 —0.085 0.382
5.6 m/s -0.076 0.435 —-0.061 0.530 -0.097 0.316 —-0.121 0.213 -0.024 0.806
6.9 m/s -0.014 0.887 -0.114 0.239 0.258%:* 0.007 —0.148 0.128 0.033 0.734
8.2 m/s —0.164 0.090 -0.059 0.542 0.4387%:* 0.000 -0.189 0.077 —0.153 0.114
9.5 m/s —0.2537%:* 0.008 —0.191%* 0.048 0.466%* 0.000 -0.118 0.203 —0.048 0.623
10.8 m/s —0.057 0.561 —-0.051 0.602 0.490°%* 0.000 -0.069 0.478 —0.080 0.409
12.1 m/s —0.083 0.393 -0.153 0.114 0.3397%* 0.000 0.087 0.371 0.013 0.892
Total —0.075%* 0.022 -0.062 0.067 0.246%* 0.000 —-0.045 0.189 —0.034 0.323

*: significant at the level of 0.011 <p < 0.05, **: significant at the level of p<0.01

MS: diaspore mass (mg), PA: projected area (mm?), SI: shape index, WL: wing loading (mg-mm 2 ), TV: terminal velocity (m's ')

Discussion

Although interactions of wind speed, land surface con-
figuration and diaspore traits on seed burial during wind
dispersal have been studied extensively, these data are
the first empirical one resulting from a manipulative
experiment involving multiple species by using a wind
tunnel. Our results indicated that wind speed contributes
the most to seed burial among the three factors. The
influences of the slope direction on seed burial become

Explanations (%)

3.0 43 5.6 6.9 8.2 9.5 10.8 121
wind Speed (m's™)

Fig.3 Explanations of impact factors to the total variation in seed
burial probability under different wind speeds (For details, see
Supplementary Table S1). MS: diaspore mass (mg), PA: projected
area (mm?), SI: shape index, WL: wing loading (mg:mm 2), TV:
terminal velocity (m's ')

more conspicuous and wind barriers facilitate seed buri-
al only when the wind speed is high. Barriers can raise
the wind speed threshold for seed burial. Effects of
diaspore traits on seed burial are only significant at high
wind speeds. Small or flat elongated diaspores are more
likely to be buried than large or spherical diaspores.

Relative contributions of wind speed, diaspore traits,
and sand surface configuration to seed burial

The wind speed, sand surface configuration, and dia-
spore traits are easily considered to be the affecting
factors of soil seed bank formation (Thompson 1987;
Horn et al. 2001; Li 2008). However, to determine
which of these three aspects is the most important in
controlling the burial of seeds, empirical and systematic
studies are required. Based on a controlled wind tunnel
experiment on 36 species with different diaspore traits,
eight wind speeds, and three sand surface configura-
tions, we found that wind speed is the most important
for seed burial (Table 2). Previous studies indicated that
wind conditions such as speed and type (advection or
turbulence) can regulate primary seed dispersal (Horn
et al. 2001). However, since our study took only wind
speed into consideration, further study should take wind
type into account.

Disperal modes reflect plant evolution selection.
Anemochorous species have involved some morpholog-
ical traits that facilitate wind dispersal (Hintze et al.
2013). In our study, we considered six wind-dispersal-
related diaspore traits (quantitative or qualitative) in
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relation to diaspore traits in seed burial and found that
diaspore traits are less important than wind speed in
promoting burial. Thus, in general, environmental fac-
tors are more important in regulating soil seed bank
formation than diaspore traits.

Presumably, the sand surface configuration should
have a crucial influence on soil seed bank formation
(Redbo-Torstensson and Telenius 1995). However, our
results showed that in comparing with wind speed and
diaspore traits, the sand surface configuration had no
significant effect on seed burial. The possible reason for
the result is that the three sand surface configurations,
sand matrix, and gentle slopes are not sufficient for
elucidating how sand surface configurations affect the
burial of seeds. Further research is required to determine
whether the results would change if other matrixes,
steep slopes or other types of barriers were used.

Effects of sand surface configuration on seed burial

Although previous studies indicate that barriers can
affect seed dispersal by regulating wind speed and sur-
face roughness (Horvitz and Schemske 1986; Nathan
and Muller-Landau 2000) and the difference in slope
direction causes variance in seed deposition (Li 2008),
there is a lack of exploration of the transient effects of
slope direction and obstacles on seed burial.

Although sand surface configuration showed no sig-
nificant effect on seed burial (Fig. 2a), the sand surface
attributes such as the matrix, slope, barriers etc. as single
factors have an impact on soil seed bank formation. Our
observation indicates that the sand is more likely to be
blown up on the downwind slope than on the upwind
slope, and this might be the major cause of more dia-
spores being buried on the downwind slope than on the
upwind slope. The barrier can weaken the near-surface
wind speed (Zhang et al. 2006) and catch diaspores
(unpublished observations); therefore, fewer seeds are
able to be buried on the upwind slope with barriers.

Effects of sand surface configuration on seed burial
are affected by wind speeds. The difference in the seed
burial between slopes became more conspicuous and the
barriers strengthened seed burial only when the wind
speed is high (Fig. 2b). Low wind speed (< 5.9 m's ' in
this study) is not enough to carry the sand to bury
diaspores, but when the wind speed is high (>
13.2 m's ! in this study), turbulent flow seems more
easily to be formed on the downwind slope than on the
upwind slope. Thus, diaspores on the downwind slope
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are less easily buried than those on the upwind slope at
high wind speeds. Previous studies indicated that the
barriers on the soil surface can accelerate the formation
of soil seed banks (Redbo-Torstensson and Telenius
1995). However, our study revealed that the effect of
barriers on seed burial is modified by wind speed. It
seems that there is wind speed threshold (10.7 m's™" in
our study), above which barriers will not fuction well to

stablize sand and diaspores easily will be buried.
Effects of diaspore traits on seed burial

Our study features the selection of multiple species and
multiple indicators, as well as quantitative descriptions
of diaspore attribute and seed burial. Previous studies
usually selected several species in a single family
(Mandék and Pysek 2001; Moody-Weis and Alexander
2007; Zhu et al. 2016) or fewer morphological indica-
tors (Peart 1981, Moles et al. 2000, Funes et al. 2003,
Farrell et al. 2012). The selection of multiple species
allows the results to reflect the general trends of seed
bank formation. Quantitative multi-indicator selection
can better screen decisive influencing factors.

In our results, shape index is the most important
morphological trait affecting the burial of seeds by
wind-blown sand (Table 3). The higher the shape index
is (the diaspore tended to be flat elongated) the higher
the probability of seeds becoming buried in sand. Dia-
spore mass is the secondary explanatory factor of soil
seed bank formation, small diaspores are more likely to
be buried than the large ones (Table 3). Diaspores with
thorns or without appendages are more likely to be
buried than those with hairs or wings; diaspores with
hairs are especially difficult to bury (Table 2).

Our study indicated that the effects of diaspore traits
on seed burial are regulated by wind speed. The explan-
atory power of diaspore attributes on seed burial increases
with the wind speed, but decreases when the wind speed
is particularly high (>10.8 m's™" in this study) (Fig. 3).
From the overall perspective, the soil seed bank is much
easier to be formed from small and flat elongated dia-
spores than large and spherical ones (Table 3).

Conclusions
Our study suggests that the effect of diaspore traits on

seed burial is modified by shifts in wind speed and sand
surface configuration. This information has important
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implications on biodiversity conservation and ecologi-
cal restoration. Seed dispersal and seed bank formation
are closely linked to vegetation development and popu-
lation maintenance (Jalili et al. 2003), and a seed bank
can greatly facilitate restoration (Major and Pyott 1966).
A reference for judging the effects of wind speed, dia-
spore traits, and sand surface configuration is provided.
Although we cannot alter the wind speed in nature, we
can modify the sand surface configuration and therefore
increase soil seed bank formation, which could acceler-
ate ecological restoration processes.
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