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The composition, richness, and evenness of seedlings from the
soil seed bank of a semi-arid steppe in northern China are affected
by long-term stocking rates of sheep and rainfall variation
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Abstract. The soil seed bank has a large influence on the potential for grassland restoration. This study aimed to
characterise the composition, density, richness, and evenness of seedlings emerging from the soil seed bank under different
sheep stocking rates, in a summer grazing system, in semi-arid China. Soil was sampled in 2015, a year with extreme
drought conditions and in 2016, a normal rainfall year. The soil seed bank was assessed by measuring seedling emergence
under laboratory conditions. Comprising 16 species, 85.4% of the seedlings were concentrated within a depth of 0—5 cm.
Drought significantly reduced the density and richness of the seedlings. Grazing increased the richness of seedlings by
increasing the richness of aboveground species, and grazing significantly reduced the evenness of the seedlings by reducing
the evenness of aboveground species. Drought significantly reduced the similarities between the seedlings and the
aboveground species, whereas grazing increased similarities in both years. This study revealed that the density and
richness of seedlings were higher in higher stocking rate in drought year. We conclude that negative effects on density,
richness and evenness of the seedlings caused by drought can be overcome by rotational grazing especially at higher

stocking rate.
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Introduction

The soil seed bank comprises seeds on the soil surface and within
the soil; it is a repository for the production of subsequent
generations of plants, enabling their survival. The soil seed
bank of grasslands is an important component of the grassland
ecosystem as it is the basis of population settlement, survival,
reproduction, and expansion (Milberg and Hansson 1994). It is
an important seed source for restoring communities and an
important constraint of vegetation dynamics (Gioria et al. 2014;
Tessema et al. 2016). The period during which seeds are stored in
the soil seed bank (called the latent stage) reflects the history and
current situation of a community (Thompson 2000; Kalamees
et al. 2012). The size and the composition of the seed bank can
be affected by any factors contributing to grassland degradation,
reduction in biodiversity or vegetation productivity (Pugnaire
and Lazaro 2000; Dreber and Esler 2011; Baldi et al. 2013).
Seed production and release are both affected by the distribution
of rainfall (Gutterman 2012). The magnitude of the overall
heterogeneity in the soil seed bank is strongly influenced by
selective grazing and disturbance-related environmental changes
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(Solomon et al. 2006; Kassahun et al. 2009). Kinloch and
Friedel (2005) reported that heavy grazing over several decades
affected both the size and composition of the germinable seed
bank, but lighter grazing had no detectable effect on the seed
bank over a short period. High livestock pressure favours
annual species, which are generally more tolerant of intense
grazing and treading because of adaptations including prostrate
growth and the production of small easily buried seeds (Navie
and Rogers 1997). Under moderate grazing on the Loess Plateau,
grassland is composed of perennial species, with few annuals
(Hu et al. 2015).

The Loess Plateau is in the arid and semi-arid area of northern
China, ~640 000 km? in area and is vulnerable to soil erosion
(Hu et al. 2015). Forty percent of the area is grassland and is
grazed by livestock (Gao et al. 2011; Chen et al. 2017). Rainfall
on the Loess Plateau has decreased in the last 50 years (Sun
et al. 2016). Long-term heavy grazing and climate change are
considered to be the two main factors contributing to soil erosion,
grassland degradation, reduction of biodiversity and vegetation
productivity on the Loess Plateau (Liu et al. 2011; Huetal. 2015;
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Chen et al. 2017). This experiment was conducted using a
long-term summer rotational grazing system and an ungrazed
enclosure. The experiment was conducted in 2015, a very
dry year and in 2016, a year with normal rainfall, allowing
comparison of seedling characteristics after consecutive years
of contrasting rainfall. This study characterises and compares
the composition, density, species richness, and evenness of
seedlings emerging from the seed bank under different stocking
rates in a semi-arid grassland over consecutive years. In particular,
we investigate whether (1) the density, species richness, and
evenness of seedlings emerging from the soil bank after 15 years
of rotation grazing are less disturbed by low rainfall; (2) the
similarity between the seedlings and aboveground species in
years with contrasting rainfall after long-term grazing.

Materials and methods
Site description

This study was conducted in a long-term sheep grazing system
experimental site begun in 2001 (Chen et al. 2010, 2015) in
Huanxian County, eastern Gansu Province, North-west China
(37°07'N, 106°48’E, 1700 m a.s.1.). The main land use is pastoral
farming basin area. The mean daily air temperature is 7.5°C;
winters are long and cold (the frost-free period is 125 days), and
summers are hot (mean of annually accumulated temperatures
3633 degree-days above 0°C). The average annual rainfall is
265mm (2000-2016), but ranges from 148 to 433 mm,
(coefficient of variation =25.6%). Annual rainfall in 2015 was
148 mm; rainfall in 2016 was normal — 270 mm (Fig. 1). More
than 70% of rainfall occurs from July to September, typical of a
continental monsoon climate. Mean annual evaporation is
1993 mm. The soil is classified as sandy free-draining loess, and
the rangeland is typical temperate steppe (Gong ez al. 2007; Ren
et al. 2008). The dominant species at the study site are perennial
low shrubs (Artemisia capillaries Thunb. and Lespedeza
davurica (Laxm.) Schindl) and perennial grass (Stipa bungeana
Trin.) (Table 1). The biomass of the three dominant species
accounts for 70-90% of the total biomass.

Experimental design

The long-term sheep grazing system experimental site had been
rotationally grazed since 2001 by 4-month-old Tan sheep
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(wethers), a traditional breed in the region. The current
experiment was conducted in the summer-grazing only area
and included nine paddocks of equal size (50 m x 100 m) for
grazing with three separate enclosed areas (50 m x 50 m) utilised
as ungrazed controls. Three grazing treatments comprising 4, 8
and 13 sheep corresponding to stocking rates of 2.7, 5.3, and
8.7 sheep ha ' respectively with three replicates were randomly
assigned. Sheep grazed each paddock for 10 days so that 30 days
were required to complete a full rotation of all replicates. Three
30-day rotations occurred from June to September each year.
The grazing sequence in the three replicate paddocks within a
stocking rate treatment was the same each year but the start of
the grazing season varied from 1 to 15 June to prevent any
rotation effects on plant growth stage.

Sampling
Aboveground vegetation

To compare the species emerging from the soil seed bank
with the established plant species, the latter were assessed
during the peak growing season (mid-August) in both 2015 and
2016. Four quadrats (1 m?) were randomly established within
each paddock, totaling 48 (9 grazing plots x 4 quadrats+3
ungrazed plots X 4 quadrats) samples per year. In each quadrat,
plant species and density were identified (Cheng and Zhu 2012)
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Fig. 1. Monthly rainfall in 2015 and 2016 and the mean rainfall from 2000
to 2016, measured at the trial site.

Table 1. The density (m’z) of aboveground species in different stocking rates in 2015 and 2016
PLS, Perennial low shrub; PG, perennial grass

Family Life forms 2015 2016
0 2.7 sheep ha™! 53 sheep ha ! 87 sheep ha™! 0 2.7 sheep ha™' 53 sheep ha™! 87 sheep ha™!

Asteraceae PLS 37 32 27 23 34 25 24 28

PG — 1 1 1 1 3 2 5
Leguminosae PLS 11 8 12 7 13 8 9 8

PG 5 2 2 5 2 2 6 6
Gramineae PG 10 15 14 34 12 13 17 26
Rosaceae PG 8 23 13 12 13 16 17 14
Polygalaceae PG 2 1 1 2 1 1 1 -
Linaceae PG - - 1 - 1 5 1 6
Brassicaceae PG — 1 - 1 2 6 5 4
Convolvulaceae PG 1 - - - - - - 2

—, Not found.
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and recorded, and samples of the tillers or branches and the
fertile stems of each species were collected and subsequently
dried at 65°C to a constant weight to determine dry matter.

Soil sampling

Soil sampling was carried out after seed production in mid-
November of 2015 and 2016. Twelve soil samples per paddock
were collected from grazed paddocks. In each paddock soil
samples were collected from 10-cm x 10-cm areas within three
transact lines spaced 10 m apart. Four soil samples spaced 20 m
apart were collected from each line. From the enclosed
(ungrazed) plots, four soil samples were collected from two
transact lines spaced 20 m apart and two soil samples spaced 10 m
were collected within each line. The soil samples were collected
from 0-5-cm and 5-10-cm depths (Liu et al. 2011; Tessema
etal. 2012). The soil samples collected at the same depth within
a paddock were pooled and mixed. Each soil sample was
then divided into two equal parts for germination testing and
soil moisture analysis. The gravimetric soil moisture was
determined by oven drying a known moist soil weight for 48 h
at 105°C. The soil samples selected for germination testing
were further divided into two equal parts as replicates
resulting in 48 samples for soil seed bank estimation (9 grazing
paddocks x 2 soil depths x 2 replications + 3 control samples x 2
soil depths x 2 replications). All soil samples were incubated
outdoors for 2 months to ensure that the seeds were subjected
to freezing temperatures, after which they were transferred to
a glasshouse (Brock and Rogers 1998).

Germination tests

The number of seedlings of different species that emerged from
the soil samples served as a measure of both the number of viable
seeds and the composition of the soil seed bank (Espeland et al.
2010); this approach determines the relative abundance of viable
seeds and excludes nonviable seeds (Poiani and Johnson 1988).
The soil samples were dried at room temperature, after which any
large stones and grass roots were removed. The soil aggregates
were broken apart to release any seeds. Each soil sample (2 cm
thick) was put on top of a 2-cm layer of (seed-free) sand within
a germination tray (20 cm diameter). Germination trays were
placed under natural indoor light conditions at 20 + 5°C, and the
soil in the trays was kept moist. Seedlings started to emerge
after 1 week. During the entire growing period, the emerging
seedlings were identified as soon as possible, recorded, and
removed. Those seedlings that were difficult to identify were
counted but were otherwise maintained regularly until they
could be identified. The seeds in the samples were allowed to
germinate for 3 months (Thompson and Grime 1979). No
attempt was made to assess the number of ungerminated seeds
potentially remaining in the soil samples.

Data analyses

The density of seeds (number of emerged seedlings per plot,
seedlings m~2), species richness (the number of species per
paddock, species 0.06m ?), and species composition were
identified according to Cheng and Zhu (2012) and recorded.
Species evenness (E,,.), which is calculated as:
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Eww=1-2/n arctan{i (In(Xy) — i ln(xt)/S)z/S}
S—

1 =1
(1)

where Xj is the abundance of the Sth species (Smith and Wilson
1996).

The Jaccard coefficient of similarity (Kalacska et al. 2004)
was used to test for similarities between the composition of
seedlings and aboveground plant species in response to different
stocking rates. The Jaccard similarity (J) is calculated as:

J=a/b 2)

where a is the number of common species present in the two
treatments (the seedlings and aboveground vegetation under
the same stocking rate), and b is the total number of species in
the two treatments. The species compositions of the seedlings
and aboveground vegetation were compared between years by
a nonmetric multidimensional scaling (NMDS) analysis using
the Bray—Curtis dissimilarity matrix; the analysis was based
on the relative density of the species in the 12 sample units
(9 grazing paddocks and 3 control sites). The NMDS analysis
was performed using R statistical package version R.342.

A goodness-of-fit (Shapiro-Wilk) test indicated that the
data collected during this study were normally distributed.
To test for statistical differences in the density, richness, and
evenness of the seedlings, a general linear model was used;
rainfall, stocking rate, and soil depth as well as their interactions
were considered independent factors. Differences in the density,
richness, and evenness of the seedlings between different
stocking rates, soil depths, and years were verified by Tukey
a posteriori tests. In addition, to test for differences in Jaccard
similarity between the seedlings and aboveground species, a
general linear model that included stocking rate and year and
their interaction was utilised. These analyses were carried out
using the software SAS 9.3 (SAS Institute Inc., Cary, NC, USA).

We used structural equation modelling to estimate the
contributions of stocking rates and annual rainfall through the
aboveground vegetation to seedling assessments (density,
richness, and evenness). The fertile stem numbers of
A. capillaries were used in the structural equation modelling to
explain the density of the seedlings because it was the dominant
plant species in aboveground vegetation and number of seedlings
(21.4-74.6% of seedlings and 68-94.8% fertile stems in
both years). The primary advantage of structural equation
modelling is its ability to evaluate complex causality between
variables; structural equation modelling translates hypothesised
causal relationships into patterns of expected statistical
relationships among the data (Grace 2006). In our model, we
assumed that the stocking rate and rainfall had the potential to
alter the density, richness and evenness of the seedlings directly
and indirectly through their influence on the fertile stems of
A. capillaries, richness, and evenness of the aboveground
species, the stocking rate and rainfall had the potential to alter
those same parameters indirectly. We used the chi-square test
to evaluate the fit of the model indicated by 0 < Xz /d.f.<2and
0.05<P < 1. Here, a large P-value (> 0.05) indicates that the
covariance structure of the data and the expected model did
not differ significantly (Grace 2006). All variables were tested
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for normality, and structural equation modelling analyses were
performed using AMOS 21 (Arbuckle 2010).

Results and analyses
Composition of seedlings

A total of 16 plant species germinated from the seeds in the
soil; these species belonged to nine families (Asteraceae,
Gramineae, Leguminosae, Rosaceae, Linaceae, Plantaginaceae,
Chenopodiaceae, Brassicaceae, Boraginaceae) comprising 12
perennial and 4 annual herbaceous species (Table 2). No annual
species were observed in the aboveground vegetation (Table 1).
Fifteen and sixteen species germinated in 2015 and 2016
respectively. Cleistogenes squarrosa (Trin.) Keng was only
found in 2016, and Cleistogenes songorica (Roshev.) Ohwi,
Agriophyllum squarrosum (Linn.) Moq. and Torularia humilis
(C. A. Meyer) O. E. Schulz were only found in the grazed plots
in both years; the dominant species 4. capillaries was found in
all of the sample plots in both years. A. squarrosum, an annual
plant, was only found as seedlings in the 2.7 and 5.3 sheep ha ™'
stocking rates. The seedlings were mainly concentrated within
the 0—5-cm soil layer, and were rarely found in the 5—10-cm
samples (Table 2).

Seedling density

Rainfall (indicated by year data) and soil sampling depth
significantly affected seedling density (P <0.0001), and stocking
rate had no main effect (P>0.05). All interactions between
rainfall, stocking rate, and soil depth significantly affected
seedling density (P <0.05) (Table 3). Seedling density initially
increased and then decreased with increased stocking rate in
2015. Maximum seedling numbers occurred at 5.3 sheep ha ™"
(1206 seedlings m 2) in 2015; in 2016, seedling densities were
2831, 2255, 2254 and 1914 seedlings m~2at0,2.7,5.3,and 8.7
sheepha™' (Table 2). The density of seedlings in the 0—5-cm soil
layer was significantly higher than the 5—10-cm layer in
both years and for all stocking rates (Tables 2 and 3).

The structural equation modelling analysis explained 87%
of the variation in the density of seedlings (Fig. 5a). Stocking
rate influenced seed density and fertile tillers of A. capillaries
(standardised path coefficients of —0.03 and 0.07; both P> 0.05;
Fig. 5a). The direct effects of rainfall on seedling density and
fertile tillers of A. capillaries were positive (0.80 and 0.49;
P <0.001 and P<0.01 respectively; Fig. 5a); the effect of fertile
tillers of A4. capillaries on the seed density was significantly
positive (0.23; P<0.01; Fig. 5a); the indirect effects of stocking
rate and rainfall (via fertile tillers of A. capillaries) were also
positive (0.02 and 0.11).

Species richness

Rainfall, stocking rate, and soil depth all significantly affected
richness of seedlings (P <0.05), but their interactions did not
(Table 3). The number of species observed in 2015 (2.2 species
0.06 m?) was, significantly lower than in 2016 (2.9 species
0.06m ). The 0—5-cm soil layer (4.3 species 0.06m ?)
produced significantly more species than the 5—10-cm soil layer
(0.8 species 0.06 m ). Species richness was significantly higher
in the 5.3 and 8.7 sheep ha' stocking rates (3.1 and 3.0 species
0.06 m 2, respectively) than in the ungrazed plots (1.9 species

A. Hu et al.

0.06m2) (P<0.05). Species richness was intermediate at 2.7
sheep ha~' (2.3 species 0.06 m?) (Fig. 2).

The structural equation modelling analysis (Fig. 5b)
explained 58% of the variation in seedling species richness. The
direct effects of stocking rate and rainfall on seedling species
richness were not significant (standardised path coefficients
0.27 and 0.11, respectively; P>0.05), but they did influence
aboveground species richness (standardised path coefficients
0.56 and 0.65; P<0.001). The aboveground species richness
had significantly positive effect on the seedling richness (0.51;
P<0.05). Both stocking rate and rainfall indirectly affected
seedling species richness through the aboveground species
richness (0.29 and 0.33).

Species evenness

Stocking rate and soil depth both significantly affected
the species evenness of seedlings (P<0.05 and P<0.0001,
respectively), rainfall alone had no significant effect, but there
was a significant interaction between rainfall and stocking rate
on species evenness (P<0.05) (Table 3). Species evenness
of seedlings was similar (0.59 and 0.66) in 2015 and 2016
respectively, and significantly higher in the 5—10-cm soil layer
(0.82) than in the 0—5-cm soil layer (0.50). With respect to the
stocking rate, species evenness of seedlings in plots under a
stocking rate of 8.7 sheep ha™' (0.56) was significantly lower
than in the ungrazed plots (0.78); species evenness was 0.61
and 0.59 in 2.7 and 5.3 sheep ha™ ' stocking rates, respectively
(Fig. 2).

The structural equation modelling analysis (Fig. 5c¢)
explained 83% of the variation in species evenness. Stocking
rate did not directly influence seedling evenness (standardised
path coefficient — 0.09; P> 0.05), but did significantly affect the
species evenness of aboveground vegetation (standardised path
coefficient — 0.36; P<0.05). Rainfall significantly influenced
species evenness of both seedlings and aboveground vegetation
(standardised path coefficients —0.36 and — 0.54; P<0.001).
The aboveground species evenness had significantly positive
effect on the seedling evenness (0.63; P< 0.001). Both stocking
rate and rainfall indirectly affected species evenness of seedlings
through aboveground species evenness (—0.23 and —0.34).

Similarity analyses of seedlings and aboveground
vegetation

The nonmetric multidimensional scaling analysis showed that
species composition significantly differed between seedlings
and aboveground vegetation. Aboveground vegetation was
clustered over time; seedlings were more heterogeneous,
clustered in 2016 but separated at the two coordinates in 2015
(Fig. 3), indicating that drought strongly influenced composition
of seedlings but minimally influenced composition of the
aboveground vegetation.

The Jaccard coefficients of similarity were relatively low
(< 0.33) (Mendes et al. 2015). The similarity of aboveground
vegetation and seedlings increased as stocking rate increased in
both 2015 and 2016, but this effect was only significant in 2016.
The similarities were significantly higher in 2016 than in 2015
for each stocking rate (P <0.05; Fig. 4).
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Discussion
Density of seedlings

Previous studies have shown that grazing can affect the density
and composition of seedlings emerging from the soil seed bank
(Tessema et al. 2012; van Langevelde et al. 2016). This study
shows that stocking rate significantly affected seedling density
and was rainfall dependent (P <0.001 for stocking rate x year)
(Table 3). In the drought year of 2015, seedling density first
increased but then decreased with increasing stocking rate.
Densities within the 0—10-cm depth were 271, 524, 1442, and
1022 seedlings m~2 for the stocking rates 0, 2.7, 5.3, and 8.7
sheep ha™!, respectively (Table 2). The density of seedlings was
highest under a stocking rate of 5.3 sheep ha '; moderate grazing
can result in higher seedling density emerging from the soil seed
bank (Zhao et al. 2001; Dreber and Esler 2011). This may be
due to sheep treading in previous years which may facilitate
the storage of seeds in the soil (Willms and Quinton 1995). In
contrast, in the normal rainfall year 2016, density decreased
with increasing stocking rate (Table 2). Grazing enclosures
have been shown to increase the density and species richness
of seedlings emerging from the soil seed bank on the Loess

Table 3. ANOVA for the effects of stocking rate and soil depth on
the density, richness, and evenness of the germinable soil seed bank in
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Plateau because livestock, especially high stocking rates,
consume plant shoots, reducing seed production (Zhao et al.
2008).

Similarly, rainfall can affect the influence of stocking rate
on soil seed bank density (Yan et al. 2012; Pol et al. 2014). Very
little rainfall occurred in 2015, which would have reduced seed
production irrespective of stocking rate.

E. pilosa and C. glaucum (both annual cropland weeds
plants (Hu et al. 2015)) were only found as seedlings
(Tables 1 and 2). A. squarrosum and L. deserticola were found
only in aboveground vegetation in the normal rainfall year
(2016), but both species were recorded as seedlings for
both years. 4. squarrosum, an annual plant, was only found as
seedlings in the 2.7 and 5.3 sheep ha™' stocking rates. Gates
et al. (2017) reported that annuals generally emerge first
during the recovery of degraded grasslands, indicating that
annuals in the soil seed bank are pioneer species. The perennial
and annual species in the soil seed bank indicate that the
grassland of the study area is not in a highly degenerative state.

The effect of stocking rate on density of the most dominant
species, A. capillaries, was similar to stocking rate effects for
community density in both years (Table 2). However, seedling
densities of the next most dominant species, (S. bungeana and
L. bicolor) were lower at the highest stocking rate (8.7 sheep
ha™'). P. lanceolata is a good forage species but was only
found as seedlings. Future efforts to restore grassland in this

2015-2016 area could endeavour to enhance the germination of
- - - P. lanceolata from the soil seed bank. More legume seedlings
Variables Density Richness Evenness were recorded at 5.3 sheep ha~'. Legumes may not be the
r r r P r P most preferred forage of sheep, but they improve soil fertility
Rainfall (R) 24225 <0.0001 525 0.0286 0.00 0.9960 through biological nitrogen fixation, increasing the productivity
Stocking rate (SR) 2.27  0.0993 341 0.0291 4.23 0.0150 of the grassland.
Soil depth (s.d.) ~ 466.88 <0.0001 131.36 <0.0001 27.99 <0.0001 The structural equation modelling analysis examined the
R xSR 13.36 <0.0001  2.20  0.1072  3.12 0.0440 contributions of the direct and indirect effects of stocking rate
SR x s.d. 3.36 00307 244 00822 006 09785 and annual rainfall on the density of seedlings (Fig. S5a).
Rocsd. 9148 <0.0001 ~ 0.89 03523 0.66 04227 Rainfall had positive effects on A. capillaries growth, producing
R x SR x s.d. 19.64 <0.0001 1.13 03503 295 0.0709 . S L .
R 0.97 - 0.84 = 073 - higher fertile tiller numbers, resulting in higher seed production
adusted and seed fall which resulted in greater seedling numbers. Rainfall
—~ 54 - a
N
€ 4 i £ a a
3 8 :T' ab
25 31 'It') T 7] b
S8 24 [T -
g | i b
5 ]
~ 0 T 1 T 1T T T T T 1
1.20 A
4 4 a a
5001 . : o W,
£ 0.60 = - - b
[ =
>
L 0.30 - -
0 T 1 T 1 T T T T T 1
2015 2016 0-5 5-10 0 2 4 6 8 10
Time (year) Soil depth (cm) Stocking rate (sheep ha™)
Fig. 2. Species richness and evenness of seedlings emerging from the soil seed bank at different soil

layers under different stocking rates in 2015 and 2016. Different letters show significant differences at

the P=0.05.
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Fig. 3. NMDS ordination diagram of the 12 sampling sites for the density
of the seedlings and the aboveground vegetation in 2015 and 2016.
Above_2015 and above_2016 refer to the composition of the aboveground
vegetation in 2015 and 2016, respectively; seed_2015 and seed_2016 refer
to the composition of the seedlings in 2015 and 2016, respectively.
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Fig.4. Jaccard coefficient of similarity for species composition comparing
seedlings and aboveground vegetation under different stocking rates in 2015
and 2016. Lowercase letters show significant differences between years
(P<0.05).

was the main factor influencing the density of seedlings in the
study area.

Seedling species richness

Both rainfall and stocking rate significantly influenced the
species richness of seedlings emerging from the soil seed
bank (Table 3), but the structural equation modelling analysis
revealed that stocking rate and rainfall had no direct effect on
the it, the model suggesting that stocking rate and rainfall both
significantly influenced the species richness of the grassland,
and the species richness of the grassland had significant effect
on the seedlings from the seed bank (Fig. 5b). Grazing can
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Fig. 5. Structural equation models based on the data from the soil and
aboveground vegetation in this study. The top and bottom arrows show
the direct effects of stocking rate (top) and rainfall (bottom) on the (@) density,
(b) richness and (c) evenness of seedlings from the soil seed bank, and
the horizontal arrows show the indirect effects of stocking rate and annual
rainfall on the density, richness, and evenness of seedlings. The numbers on
the arrows are the standardised path coefficients, indicating the strength of
the relationships, reflected by the relative width of the arrow associated with
each coefficient. Dotted lines indicate no relationship between variables.
The proportion of variance explained is given as R%. * P<0.05, ** P<0.01,
##% P <(.001. The results of model fitting: () %> =0.000, P=1.000, d.f.= 1;
(b) x*=0.000, P=1.000, d.f.=1; (¢) *=0.000, P=1.000, d.f.=1.

influence the species richness of seedlings from the soil seed
bank (Harrison ef al. 2003) through its influence on grassland
vegetation species richness (Edwards et al. 2007; Baldi et al.
2013). Limitations on seed dispersal can also influence the
species richness of the seedlings from soil seed bank (Lopez-
Marifo et al. 2000). Differences in grazing intensity have less
influence on species richness in soil seed banks (Tessema et al.
2016).

The coefficients in the structural equation modelling are
based on linear responses, whereas curvilinear regression, for
example, richness versus stocking rates are generally present.
In this study they were all linear responses.

Species evenness

The species evenness of seedlings was significantly influenced
by the interaction of stocking rate and the rainfall (P =0.0440
for stocking rate x year) (Table 3), which means that any effects
of stocking rate on seedling evenness is dependent on rainfall
(stocking rate x year, P=0.0440). The structural equation
modelling analysis can be used to describe the interaction effect.
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Both stocking rate and rainfall have direct negative effect on the
evenness of aboveground species, and the aboveground species
evenness have a significant direct effect on seedling evenness,
leading to both rainfall and stocking rate indirectly affecting
the seedling evenness through the evenness of the aboveground
species. Hence, any effects on seedling evenness by stocking
rate were dependent on rainfall effects on aboveground
species evenness (Fig. 5¢). Rainfall controls species emergence
(Pugnaire and Lazaro 2000). Grazing and rainfall can influence
the species evenness of seedlings from the soil seed bank by
affecting grassland vegetation (Sudebilige et al. 2000; Baggio
et al. 2018). In addition, dominance of a single species, for
example, A. capillaries in our study, can reduce the coverage
of other aboveground species (Flombaum and Sala 2008), which
may negatively influence the species evenness of seedlings
(Pugnaire and Léazaro 2000). The shrub canopy strongly affects
which species appear in the understory, and seed dispersal did
not limit species abundance (Pugnaire and Lazaro 2000).

Similarity between seedlings and aboveground vegetation

In this study, the similarity between species in the aboveground
vegetation and species of the seedlings was low (Fig. 4). The
similarity was significantly influenced by rainfall, being higher
in the year of normal rainfall (2016) than in the dry year of
2015. Aboveground plant growth in 2016 was higher than in
2015. Consequently plants almost certainly produced more
seeds, increasing the soil seed bank. Similarity increased with an
increasing stocking rate in the normal rainfall year. Previous
studies by Fenner (1985) and Leck and Simpson (1994) showed
that the similarity between the soil seed bank and aboveground
vegetation is relatively high in grazed grasslands. Many
grassland studies have investigated the spatial patterns of seeds
and found them to be clustered around parent plants (Shaukat
and Siddiqui 2004), meaning that similarity tends to increase
over time (Hopfensperger 2007). This is especially true with
short dispersal distances (Bossuyt and Hermy 2004). However,
Sanderson et al. (2014) reported low similarity between the
soil seed bank and aboveground vegetation. Milberg and
Hansson (1994) reported that similarity is strongly correlated
with seed germination characteristics, and species with high
turnover in a community are more prevalent in the soil than
species with low turnover. The number of factors influencing
the similarity between the seedlings and aboveground species
is high and their interactions are not well understood; this
warrants further studies.

Conclusion

Both rainfall and stocking rate were important factors regulating
the composition, richness, and evenness of seedlings, and the
similarity between aboveground vegetation and seedlings
emerging from the soil seed bank in a semi-arid rangeland in
North-west China. The density, richness, and the similarity of
the seedlings significantly decreased during the dry year (2015),
and the richness and similarity of the seedlings increased as
the stocking rate increased. This study showed long-term
grazing (15 years) enhanced the stability of the soil seed bank as
the density and species richness of seedlings from the soil seed
bank were higher in grazed plots than in ungrazed plots under

A. Hu et al.

the drought. We propose that adopting more judicious long-
term grazing strategies has the potential of offsetting the
negative effects of environmental changes anticipated in the
future on aboveground vegetation and the soil seed banks of
semi-arid grasslands in China.
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