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Rainfall amount determines annual herb 
controls over soil seed bank and its similarity 
with vegetation in the Tengger Desert
Ya‑Fei Shi1,2, Zeng‑Ru Wang3, Bing‑Xin Xu1,2, Jian‑Qiang Huo1,2, Rui Hu1, Yang Zhao1* and Zhi‑Shan Zhang1*  

Abstract 

Background: Soil seed banks may offer great potential for maintaining and restoring desert ecosystems that have 
been degraded by climate change and anthropogenic disturbance. However, few studies have explored the year‑
to‑year dynamics in the species composition (richness and abundance) of these desert soil seed banks. Thus, we 
conducted a 4‑year study to assess the effects of environmental factors (meteorology and microtopography) and 
aboveground vegetation on the soil seed bank of the Tengger Desert, China.

Results: We found the seed bank was dominated by annual herb species both in species richness and abundance. 
More rainfall in the growing season increased the number of seeds in the soil seed bank, and quadrat micro‑eleva‑
tion had a negative effect on soil seed bank size. The species composition in the seed bank had significantly larger 
between‑year similarity than that in the aboveground vegetation due to the dominance of annual herb species. For 
different life forms, the species composition of annual herbs showed distinctly larger temporal similarity between the 
aboveground vegetation and the seed bank compared with perennial herbs and shrubs.

Conclusions: Our findings highlight that the combined effects of environmental factors and plant life forms deter‑
mine the species composition (especially the abundance) of soil seed banks in deserts. However, if degraded desert 
ecosystems are left to regenerate naturally, the lack of shrub and perennial herb seeds could crucially limit their resto‑
ration. Human intervention and management may have to be applied to enhance the seed abundance of perennial 
lifeforms in degraded deserts.
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Introduction
Desert ecosystems, limited by water and nutrients, are 
well known for their sparse vegetation and ecological vul-
nerability (Houerou 1996; Maestre et  al. 2012). Anthro-
pogenic disturbance (e.g., heavy livestock grazing and 
mining) and climate change (e.g., warming, increases 
in drought frequency and duration, and altered pre-
cipitation regimes) profoundly affect the composition, 

structure, and functioning of desert ecosystems (Bai et al. 
2020; Li et al. 2018; Reynolds et al. 2007; Sommer et al. 
2011). Seeds accumulated in soil seed banks contribute 
towards the persistence of plant species in communities 
undergoing environmental change and disturbance, for 
example accelerating the vegetation regeneration under 
the background of habitat isolation and climate change 
(Estrada et  al. 2015; Stocklin and Fischer 1999), and 
promoting demographic recovery after a drought spell 
(LaForgia et al. 2018). Soil seed bank sustains the diver-
sity of native species, provides a source for regeneration 
of vegetation after disturbance, and also increases the 
resistance of plant communities to invasive alien species 
(Arruda et  al. 2018; Bakker et  al. 1996; Ma et  al. 2019). 
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Therefore, understanding the composition (richness and 
abundance) and dynamics of soil seed banks is an impor-
tant issue for the degraded ecosystem restoration (Huang 
et al. 2018; Montiel and Montaña 2003; Nano et al. 2013). 
However, compared with aboveground vegetation, our 
understanding of soil seed banks in desert areas is lacking 
(Snyman 2013).

The composition of seed banks is generally determined 
by local environmental conditions and seed dispersion 
of aboveground vegetation (Jaganathan et al. 2015). Two 
main environmental factors were categorized that sig-
nificantly influence the seed bank in desert areas (Bakker 
et al. 1996; Montiel and Montaña 2003). First, meteoro-
logical factors, such as rainfall in the growing season, can 
determine the growth and reproduction of aboveground 
vegetation, and thus affect seed yields (Royo and Ristau 
2013). Furthermore, rainfall events also affect soil water 
content and cause heterogeneity in soil surface, which 
could further influence seeds upon entering the soil 
(Hu et  al. 2019). Prevalent wind contribute to variation 
in seed dispersal because most desert taxa are anemo-
chorous (Ozinga et  al. 2004; Tackenberg and Stöcklin 
2008). Second, microtopographic conditions, such as 
micro-elevation and micro-slope, not only determine 
seed yields indirectly through driving the distribution 
of the aboveground vegetation (Gomaa 2014), but also 
cause soil microtopographic and photothermal differ-
ences which might have further impact on seed input and 
germination (Boudell et al. 2002; Qian et al. 2016). How-
ever, the relative effects of these environmental factors 
on the species richness and size of desert soil seed banks 
is unknown, hampering our ability to comprehensively 
assess the dynamics of desert soil seed banks.

Beyond the environmental conditions, aboveground 
vegetation composition directly affects soil seed banks 
(Bakker and Berendse 1999; Brändel and Schütz 2005). 
As the extreme environmental conditions in deserts, 
the different plant life  forms and their variety of repro-
ductive strategies may play a key role in the species rich-
ness and abundance of the soil seed bank. For example, 
some shrub species and perennial herb species that 
depend on a combination of vegetative and seed repro-
duction methods tend to occur less frequently and thus 
have lower relative abundance in the seed bank (Ma et al. 
2002). However, patches of soil under shrubs could accu-
mulate larger seed banks because many wind-dispersed 
seeds may be trapped by the clumped vegetation (Agu-
iar and Sala 1997). More importantly, differences in soil 
microhabitats caused by shrubs may affect seed germi-
nation and persistence (Sternberg and Yu 2004). Alter-
natively, many annual herbs opportunistically produce 
a large number of seeds in their short and erratic grow-
ing season (Bakker et al. 1996). Because of this high seed 

production, annual herbs tend to contribute more to soil 
seed banks than other life forms.

As climate change and anthropogenic disturbance 
affect terrestrial ecosystems (Houerou 1996), ecologists 
have made great efforts to explore the role of soil seed 
banks in maintaining ecological stability and reconstruct-
ing degraded ecosystems (Chang et al. 2001; Jacquemyn 
et al. 2011; Kalamees et al. 2013). It seems likely that the 
species composition of soil seed banks fluctuates less 
than aboveground vegetation which thus may suggest 
great potential in the ability of soil seed banks to recon-
struct and restore degraded desert ecosystems. In other 
words, the temporal similarity of species composition 
within seed bank is larger than the aboveground vegeta-
tion community (Kalamees et  al. 2013; Ma et  al. 2017). 
However, due to the great superiority of dominant spe-
cies of which differed with other biomes, the temporal 
dynamics of soil seed bank and the similarity between the 
above- and below-ground groups is unclear.

In this study, we conducted a 4-year continuous study 
in a typical desert ecosystem to determine how envi-
ronmental factors and aboveground vegetation affect 
the composition of the soil seed bank. We hypothesized 
that (1) environmental factors, especially rainfall, directly 
and indirectly affect the seed bank through their effects 
on the growth of aboveground vegetation; (2) the seeds 
of annual herb species dominate in driving changes in 
the size of the seed bank because of their unique repro-
ductive strategy; and (3) due to the combined effects 
of environmental factors and aboveground vegetation, 
between-year changes in soil seed bank would be less 
pronounced than that of vegetation, i.e., the similarity 
within the seed bank is larger than that within the above-
ground vegetation.

Materials and methods
Study site
The study site, Hongwei, was located on the south-
east edge of the Tengger Desert in northwestern China 
(37°27′ N, 104°46′ E, elevation: 1570  m a.s.l.). This area 
is a transitional zone from sandy desert to steppe (Addi-
tional file  1: Fig. S1a and b), with an 8-month growing 
season from April to October (Chen et  al. 2018). The 
mean annual temperature is about 9.6  °C, ranging from 
− 25.1 °C in January to 38.1 °C in July. The mean annual 
precipitation is about 186 mm, with most occurring from 
June to September. The annual potential evaporation 
is as high as 2900  mm. The mean annual wind velocity 
is 2.9 m   s−1, and dust events are recorded 122 days per 
year, on average. The soil type in this area is aeolian sandy 
soil (FAO/UNESCO 1974), characterized by a covering 
of biological soil crusts and low soil organic matter and 
nutrient content (Chen et  al. 2018). The predominant 
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plant groups are shrubs, annual herbs, and perennial 
herbs (Additional file 1: Tables S1 and S2).

Seed bank sampling and seedling emergence experiment
At the study site, a 148 m × 4 m transect along the wind-
ward/leeward transect was established and divided into 
37 quadrats of 4  m × 4  m. To examine species richness 
and abundance in the soil seed bank, we collected soil 
samples in early March from 2012 to 2015. At that time, 
the seeds have not yet germinated, but also no new seeds 
have been produced. Thus, the seed bank can be regarded 
as representative of the previous year after seed produc-
tion and input. In each quadrat, five cylindrical soil cores 
(7 cm in diameter and 5 cm in depth) were taken, placed 
in a quincunx, and mixed into a composite sample (Addi-
tional file 1: Fig. S1c) (n = 37 composites for each year). 
To avoid repeated sampling at the same location, the soil 
core locations were marked after each sampling, and thus 
the next year’s sampling could be taken 10  cm away in 
the same direction. The soil samples were packaged and 
transported to Shapotou Desert Research and Experi-
ment Station (SDRES) of the Chinese Academy of Sci-
ences, and sieved through a 6 mm mesh to remove plant 
fragments, coarse debris, and stones.

The seedling emergence method was used to deter-
mine the species richness and abundance of the germi-
nable seed bank (Chang et al. 2001; Wolters and Bakker 
2002). First, 37 plastic pots (30 cm in diameter and 30 cm 
in depth) with drainage holes in the bottom were filled 
to 20 cm depth with sandy soil collected from the mov-
ing sand dunes. The soil was oven-dried at 150 °C for 4 h 
to kill any living seeds. Then, the soil samples were dis-
tributed evenly on the sandy surface of each pot to about 
1 cm depth (Ma et al. 2017). The pots were covered with a 
light-transmitting plastic net to catch any incoming seeds 
and were watered every day. The pots were inspected 
weekly for any emerging seedlings. Once they could be 
identified, seedlings were removed to keep densities low. 
Unknown seedlings were transplanted to separate plots 
and grown until identification was possible. The germina-
tion experiment continued for 7 months, and the moni-
toring ceased when no more seedlings emerged for two 
consecutive weeks. The soil was then sifted and inspected 
carefully for any remaining seeds.

Measurement of aboveground vegetation 
and environmental factors
To measure the aboveground vegetation, surveys were 
conducted every September from 2011 to 2014. All spe-
cies encountered in the aboveground vegetation and 
in the soil seed bank were classified by three life  forms 
(shrubs, perennial herbs, or annual herbs; Additional 
file  1: Tables S1 and S2). Species were identified and 

categorized into life form categories for both above-
ground vegetation and seed bank species according to 
the species description for the Flora of Desert in China 
(Liu et  al. 1985). The richness, abundance, and cover-
age of shrubs were determined for each large quadrat 
(4  m × 4  m). The presence, abundance, and coverage 
of herbs were measured in four 0.5  m × 0.5  m quadrats 
(Additional file  1: Fig. S1c) placed at 1-m intervals in 
every large quadrat.

Environmental factors including meteorological condi-
tions and microtopographic variables of quadrats were 
measured. A micro-weather station (HOBO U30 weather 
stations, Onset  Computers,  Bourne,  MA, USA) was 
established in 2009 about 500  m from the study site to 
collect half-hourly data on rainfall, air temperature and 
humidity, solar radiation, and wind direction and veloc-
ity. Soil water content in the topsoil along the transect 
was measured using a neutron probe (CNC503DR, Bei-
jing Nucleon Instrument Company, Beijing, China) twice 
monthly during the growing season (April–October) and 
once monthly during the non-growing season (Novem-
ber to March). For the microtopographic factors, the 
micro-elevation, slope gradient and slope aspect of each 
4 m × 4 m quadrat were calculated in 2009 after measur-
ing the coordinates using a high-precision real-time kin-
ematic instrument (S86, South, Guangzhou, China).

Data analysis
Structural equation modeling (SEM) were used to test 
our hypothesis that how the environmental factors (i.e., 
meteorology during the measured years and microtopog-
raphy of quadrats) and the aboveground vegetation char-
acteristics affect the species richness and abundance of 
the seed bank in a direct and indirect way. Initial concept 
models were first constructed before analysis (Additional 
file 1: Fig. S2). Because of the difference in the temporal 
and spatial scales of meteorological factors and micro-
topographic factors in our study, we constructed one 
SEM for each. The vegetation variables included species 
richness and abundance of the aboveground vegetation.

As the main meteorological factors, rainfall, soil water 
content and wind velocity in the growing season (April–
October) were considered in our analysis. Because of the 
limitation of the meteorological data in our research (the 
sampling quadrats was located in the same site and thus 
had no meteorological variation within each year), we 
first conducted a Pearson correlation analysis between 
the characteristics of aboveground vegetation, soil seed 
bank and meteorological factors to determine the vital 
meteorological variable. After that, the dominant mete-
orological factor was included in our SEM (Additional 
file 1: Fig. S2a). The growing season data was selected for 
use in our model, and the species richness and abundance 
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of aboveground vegetation were calculated as the sum of 
the three life forms transformed in the same scale.

The microtopographic factors were micro-elevation, 
slope gradient and slope aspect of each quadrat. Because 
local microtopography has a greater influence on the dis-
tribution pattern of shrubs in the site which has a great 
influence on seed yields and reserves in deserts, we also 
included shrub coverage as an intermediate variable 
in the microtopography model (Additional file  1: Fig. 
S2b). These two models included all possible pathways 
to quantify the plausible impacts of environmental and 
vegetative factors on the soil seed bank. The Chi-square 
test, the index of goodness-of-fit (GFI) and comparative 
fit index (CFI) were used to evaluate the fit of the model 
(Fan et al. 2016). Before analysis, all data was log-trans-
formed to improve normality.

Non-metric multidimensional scaling (NMDS) analysis 
was applied to assess the temporal trends and the similar-
ity of species composition between the aboveground veg-
etation and the soil seed bank (Clarke 1993). For species 
in these two groups, we calculated the relative abundance 
and performed the ordination for each quadrat in each 
year. Three life form species (shrubs, perennial herbs, 
annual herbs) and total species were conducted, respec-
tively. The NMDS analysis were based on the Bray–Cur-
tis distance as a measurement of similarity matrices, and 
it was found that the stress value should be smaller than 
20% to reflect the species abundance data accurately 
(Kindt and Coe 2005). We chose this index because it 
is based on relative abundance data and not sensitive to 
variability in the total abundance and the sampling spa-
tial scale (Kindt and Coe 2005). We used PERMANOVA 
tests (‘anosim’ function of the VEGAN R package) to test 
whether the community composition varies between the 
aboveground vegetation and the seed bank.

To clearly show the annual dynamics and the similar-
ity of the species composition in two groups, we also 
performed NMDS analysis based on the relative abun-
dance data for all the quadrats as a whole in each year. 
To have a direct measure of species composition simi-
larity within the aboveground vegetation and the seed 
bank and between them, we measured and calculated the 
distance of the ordination points based on the first two 
axes of the NMDS results. The mean value and standard 
error of the ordination distance for points in NMDS were 
extracted for the seed bank and the aboveground vegeta-
tion, respectively, and the mean value were compared at a 
0.05 significance level using a post-hoc HSD test.

All statistical analysis were conducted using the soft-
ware R (R version 3.6.0), and the following packages: 
“lavaan” for the SEM (Rosseel 2012), “vegan” for the 
NMDS analysis (Oksanen et  al. 2019), and “ggplot2” 
(Wickham 2016) for plotting the figures.

Results
Properties and annual dynamics of the aboveground 
vegetation and seed bank
In 4-year surveys of the aboveground vegetation, 24 spe-
cies were identified in 11 families. Annual herb species 
accounted for 12 species (50%), perennial herbs 8 spe-
cies (33%), and shrubs 4 species (17%) (Additional file 1: 
Table S1). For abundance, annual herbs accounted for the 
half (50%) of the individuals, followed by perennial herbs 
(34%), and shrubs (16%). The annual mean species rich-
ness and abundance of the aboveground vegetation were 
relatively higher in 2012 and 2014 than in 2011 and 2013 
(Fig. 1a, c).

From the seeds that germinated from the soil samples 
over 4 years, we identified 17 species belonging to 8 fami-
lies (Additional file 1: Table S2). Of these, 8 species (47%) 
were annual herb species, 6 (35%) were perennial herbs, 
and 3 (18%) were shrubs. Total species richness varied 
from 13 to 17. Annual herbs accounted for most (75%) of 
the individual germinated seeds, followed by perennial 
herbs (15%), and shrubs (10%). Artemisia scoparia, an 
annual herb species, comprised more than half (66%) of 
the individual seeds in the soil seed bank. Overall, species 
richness and abundance in the seed bank differed over 
four measured years, but, similar to the aboveground 
vegetation, these metrics were relatively higher in 2012 
and 2014 (Fig. 1b, d).

The effects of environmental factors and aboveground 
vegetation on the seed bank
The correlation analysis showed that rainfall in the 
growing season was the most dominant variable affect-
ing species richness, abundance of aboveground veg-
etation and soil seed bank among the meteorological 
variables considered (with the largest correlation coef-
ficients among all predictor variables; Table  1). How-
ever, the correlation values between soil water content, 
wind velocity and the composition characteristics of 
aboveground vegetation and soil seed bank was rela-
tively smaller compared with rainfall. Thus, we included 
rainfall as the key meteorological variable in our first 
structural equation model (X2 = 7.318, DF = 2, p = 0.06, 
GFI = 0.953, CFI = 0.916) (Fig. 2a). Our results showed 
that rainfall in the growing season had a positive direct 
effect on species richness and abundance of the seed 
bank and also an indirect effect through its impact on 
the aboveground vegetation.

The second structural equation model (X2 = 9.855, 
DF = 4, p = 0.08, GFI = 0.958, CFI = 0.885) showed that 
the quadrat micro-elevation had a direct negative effect 
on the seed bank species richness and abundance and 
an indirect effect on the seed bank abundance through 
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the aboveground vegetation abundance (Fig. 2b). How-
ever, no significant paths were found leading from 
microtopographic factors to shrub cover and then to the 
seed bank.

The similarity between the seed bank and aboveground 
vegetation
Anosim test showed that the species composition of the 
seed bank and the aboveground vegetation were divided 

Fig. 1 Mean species richness of the aboveground vegetation a and soil seed bank b and abundance of the aboveground vegetation c and soil 
seed bank d per quadrat in four measured year. Values are Mean ± Se (n = 37)

Table 1 Pearson correlation coefficients between species richness, abundance of aboveground vegetation, soil seed bank and main 
meteorological factors in growing season (April to October) across all measured years

Bold font indicated the largest correlation coefficients for each response variable

Meteorological factors Species richness Abundance

Aboveground vegetation Soil seed bank Aboveground vegetation Soil seed bank

Rainfall 0.705 0.531 0.796 0.790
Soil water 0.536 0.292 0.552 0.655

Wind velocity 0.101 0.383 0.590 0.368
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into two distinct groups in the first two axes of the NMDS 
for all species, shrub species and perennial herb species, 
respectively (Additional file  1: Fig. S3a–c). However, 
there is no clearly distinction between the two groups 
for annual herb species (Additional file 1: Fig. S3d). The 
ordination distance for all life form species among 4 years 
within the seed bank was 0.330 ± 0.065 (Mean ± Se), 

which was significant smaller than that within above-
ground vegetation (0.861 ± 0.112; Fig.  3a and Table  2). 
Meanwhile, the within-group ordination distance of 
these two groups was significantly smaller than the dis-
tance between them (1.428 ± 0.299). The results showed 
that the species composition of the seed bank have larger 
similarity than that of the aboveground vegetation.

Fig. 2 a First structural equation model (SEM) linking rainfall in the growing season to species richness (VE richness) and abundance (VE 
abundance) of the aboveground vegetation and to species richness (SB richness) and abundance (SB abundance) of the soil seed bank in each 
quadrat. b Second SEM linking microtopographic conditions to species richness and abundance of aboveground vegetation, and shrub coverage 
to species richness and abundance of the soil seed bank. Red, blue and dotted arrows represent significant positive, negative and nonsignificant 
effects at 0.05 level, respectively (n = 148). Numbers indicate the significant standard path coefficients and the thickness of the colored arrows 
reflects its relative magnitude. Letters a–c in the above figure denote groupings via post‑hoc tests. Multiple R2 is displayed at the top of each 
response variable
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Similar to the total species, the ordination distance 
of the aboveground vegetation for shrub and perennial 
herb species were also larger than that of the seed bank, 
respectively (Fig.  3b, c; Table  2). For annual herb spe-
cies, however, the species composition of the soil seed 

bank clustered together with the aboveground vegetation 
(Additional file  1: Fig. S3d), and the within-group ordi-
nation distance of the two groups did not differ signifi-
cantly (Table 2). Overall, these results indicated that the 
species composition of the seed bank samples had less 

Fig. 3 NMDS ordination of the species composition of the aboveground vegetation (VE11‑14) and soil seed bank (SB11‑14) for all the quadrats as a 
whole in four measured years (2011–2014). Shown are a all species; b shrub species; c perennial herb species; d annual herb species. The location of 
ordination points within each diagram indicate the degree of similarity between each one in the first two axes of NMDS. Colored ellipses represent 
different species groups based on 85% level confidence intervals. In figure a, arrows represent the temporal change of the ordination points of 
the soil seed bank and aboveground vegetation. The ordination distances within the aboveground vegetation, the seed bank, and between these 
two groups are shown in values above the different line segments, respectively. The length of line segments represent the relative magnitude of 
ordination distance for each group. The detailed statistics results about the ordination distances are listed in Table 2

Table 2 Ordination distances within the aboveground vegetation, the soil seed bank and between the two groups for different life 
form species based on the first two axes of the two‑dimensional non‑metric multidimensional scaling (NMDS) ordination in Fig. 3

Within each row, different letters represent significant differences within the soil seed bank, the aboveground vegetation and between the two groups for different 
life form species according to a post-hoc HSD tests at p < 0.05 level

Life forms The ordination distances (Mean ± Se)

within the aboveground vegetation (n = 6) within the soil seed bank (n = 6) between the two 
groups (n = 16)

All 0.861 ± 0.112b 0.330 ± 0.065c 1.428 ± 0.299a

Shrub 0.176 ± 0.036ab 0.041 ± 0.025b 0.231 ± 0.027a

Perennial herbs 0.649 ± 0.065b 0.206 ± 0.017c 1.941 ± 0.072a

Annual herbs 0.397 ± 0.092a 0.279 ± 0.072a 0.261 ± 0.047a
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annual change and more similarity compared with the 
aboveground vegetation. In addition, when considering 
life forms, the similarity of species composition between 
the aboveground vegetation and seed bank was signifi-
cant lower for shrub and perennial herb species than for 
annual herbs.

Discussion
Effect of rainfall, quadrat micro‑elevation and shrub 
coverage on the soil seed bank
Our first hypothesis, that rainfall in the growing season 
is the most critical environmental factor influencing soil 
seed bank, was verified. The SEM results showed that 
rainfall exerts both direct and indirect effects on the spe-
cies composition and size of the soil seed bank. In arid 
regions, an increase in rainfall could promote the growth 
of plants, especially herbs, leading to greater seed pro-
duction and a larger seed bank (Shen and Ehrenfeld 
2009). On the other hand, biological soil crusts, which 
exist widely in deserts and maintain soil structure and 
moisture, could prevent these seeds from entering the 
soil (Li et al. 2005). Intense rainfall events, however, can 
break the structure of biological soil crusts and allow 
seeds passage into the soil (Pando-Moreno et  al. 2014; 
Rivera-Aguilar et  al. 2005). Meanwhile, the possible 
important effects of soil water content on soil seed bank 
was not proved by our result. It indicated that rainfall 
events could be more important than soil water content 
per se in determining the soil seed bank diversity and 
size. In addition, wind velocity had the smallest correla-
tion with soil seed bank composition indicating that the 
hypothesized impacts of wind on desert soil seed bank 
was not verified.

The quadrat micro-elevation was negatively related to 
the soil seed bank, in agreement with previous findings 
(Gomaa 2014, 2018; Liu et  al. 2016). Higher micro-ele-
vation sites do not capture or retain seeds well because 
wind and gravity drive seeds downhill (Li et  al. 2017). 
Hydrothermal differences caused by microtopography 
may also determine whether seeds can germinate or lie 
dormant in the soil (Novak et al. 2011; Thompson et al. 
2003). In addition, quadrats at relatively higher micro-
elevation are limited by lower soil moisture and nutrients 
and tend to have relatively poor vegetation growth, which 
thus leads to lower seed yields compared with lower loca-
tions (Havrdová et al. 2015).

In general, shrubs could accumulate larger seed banks 
by trapping seeds. In our results, however, no significant 
relationships were found between shrub coverage and the 
species richness and abundance of the seed bank. This 
discrepancy may be explained by the slight differences in 
shrub coverage over the study site, which translated into 
a slight difference in capturing seeds due to the changed 

microenvironment (Tackenberg and Stöcklin 2008). This 
probably also occurred because the shrubs may restrict 
the growth of annual herbs and thus reduce seed yields 
(Aguiar and Sala 1997; Ozinga et  al. 2004). However, 
these results highlight the complexity of how both above-
ground vegetation and microenvironment influence soil 
seed bank, and emphasize the need to further explore the 
combined effects of shrub coverage and microenviron-
ment in desert ecosystems.

The effect of annual herbs on the seed bank
Consistent with our second hypothesis, we found that 
the synchronous changes in the soil seed bank and the 
aboveground vegetation mainly depended on annual 
herbs, which suggests a tight within-year coupling 
between the soil seed bank and aboveground vegetation 
in desert ecosystems. The relationship between the seed 
bank and annual herbs of aboveground vegetation clearly 
demonstrated that the growth of annual herbs could have 
a direct and immediate effect on the soil seed bank.

The seed yields of annual herbs are often much higher 
than of other life forms, which may rely more on vegeta-
tive reproduction (Martiniello 1999). In our study, for 
example, the dominant shrubs, A. ordosica and Caragana 
korshinskii and the perennial herbs Iris tenuifolia and 
Allium mongolicum, can all reproduce by cloning their 
branches and/or rhizomes (Ma et al. 2002). Further exac-
erbating this difference, the smaller seed size of annual 
herbs means that they can more easily penetrate gaps in 
the biological soil crusts in our study area (Li et al. 2005; 
Pando-Moreno et al. 2014). In addition, seeds of annual 
herbs usually have a shorter dormancy time than seeds 
of shrubs and perennials (Finch-Savage and Leubner-
Metzger 2006). In our study, we used the seedling emer-
gence method to define the soil seed bank, and the soil 
samples were watered frequently. Under these sufficient 
water conditions, annual herbs often have higher seed 
vigour and germinate rapidly (Jakobsson and Eriksson 
2003; Novak et  al. 2011). Overall, our results showed 
synchronous changes between the seed bank and above-
ground vegetation in a desert ecosystem, and future 
studies should focus on elucidating how the population 
dynamics of individual species in the seed bank respond 
to changes in the aboveground vegetation of deserts.

Similarity between seed bank and aboveground 
vegetation and variation in soil seed bank
We found that year-to-year changes in the composition 
of the seed bank were smaller and thus had larger simi-
larity within the groups than that in aboveground veg-
etation, which supported our third hypothesis and also 
mirrored similar results from other ecosystems, such as 
in arctic coastal marsh, alpine meadows, and other arid 
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ecosystems (Chang et  al. 2001; Ma et  al. 2017; Zhang 
et  al. 2016). There are several reasons for our results. 
First, the low species diversity of the seed bank in desert 
itself could directly result in its small annual change in 
species composition. Second, the vegetation of arid envi-
ronments tends to have more taxa with dormant seeds 
than benign environments do (Bakker et  al. 1996; Kala-
mees et  al. 2013). Seed dormancy facilitates a sustain-
able and long-term seed bank in temporally and spatially 
unpredictable environments, such as deserts (Kleemann 
and Gill 2013). Seed dormancy is an adaptive trait, a way 
to maximize progeny number by extending seed lifetime 
(Facelli et  al. 2005). Therefore, dormant seeds increase 
the stability of seed bank composition, and this persistent 
seed bank could, therefore, act as an important resource 
for restoration and management (Bakker et al. 1996; Kal-
amees et al. 2013).

As the constructive and dominant life form in deserts, 
shrubs play a decisive role in the stability of the ecosys-
tem (Ma et al. 2002). Perennial herbs are also an impor-
tant component of ecosystem resilience and resistance 
(Abella and Smith 2013). However, in our study, the spe-
cies compositions and individual proportions of shrubs 
and perennial herbs in the seed bank were greatly lower 
than those of the aboveground plant communities. 
Although the species composition of the soil seed bank 
had less fluctuation than the aboveground plant commu-
nities in our study, the lack of shrub and perennial seeds 
may inhibit the regeneration of such species when con-
sidering the recovery and restoration of degraded desert 
ecosystems.

Conclusion
Based on a relative long-term observational study, we 
evaluated the effects of environmental factors and above-
ground vegetation on the species composition of a desert 
soil seed bank. Rainfall in the growing season had a sub-
stantial positive effect on the soil seed bank richness and 
abundance, while quadrat micro-elevation had a negative 
effect on the seed bank. The synchronous changes in the 
soil seed bank and aboveground vegetation were mainly 
driven by annual herb species. The species composition 
of the seed bank had less year-to-year fluctuation and 
larger similarity than the aboveground vegetation, indi-
cating that the seed bank may have great potential to be 
a source of restoration for degraded desert ecosystems. 
However, because of the low diversity and abundance of 
shrub and perennial herb seeds and the fast response of 
annual herb seeds to rainfall, it may be difficult to restore 
a degraded desert by relying solely on the seed bank and 
natural regeneration. Our study highlights the impor-
tance of long-term investigations of the soil seed bank 
and the requirement of appropriate interventions, such 

as artificial reseeding of shrubs and perennials, to pro-
mote the restoration of arid degraded ecosystems.
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