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† Background and Aims Simultaneous formation of aerial and soil seed banksbya species provides a mechanism for
population maintenance in unpredictable environments. Eolian activity greatly affects growth and regeneration of
plants in a sand dune system, but we know little about the difference in the contributions of these two seed banks
to population dynamics in sand dunes.
† Methods Seed release, germination, seedling emergence and survival of a desert annual, Agriophyllum squarrosum
(Chenopodiaceae), inhabiting the OrdosSandland inChina,were determined inorder toexplore thedifferent functions
of the aerial and soil seed banks.
† Key Results The size of the aerial seed bank was higher than that of the soil seed bank throughout the growing
season. Seed release was positively related to wind velocity. Compared with the soil seed bank, seed germination
from the aerial seed bank was lower at low temperature (5/15 8C night/day) but higher in the light. Seedling emer-
gence from the soil seed bank was earlier than that from the aerial seed bank. Early-emerged (15 April–15 May) seed-
lings died due to frost, but seedlings that emerged during the following months survived to reproduce successfully.
† Conclusions The timing of seed release and different germination behaviour resulted in a temporal heterogeneity
of seedling emergence and establishment between the two seed banks. The study suggests that a bet-hedging strategy
for the two seed banks enables A. squarrosum populations to cope successfully with the unpredictable desert
environment.

Key words: Aerial seed bank, soil seed bank, Agriophyllum squarrosum, Chenopodiaceae, seed germination,
seedling establishment, fitness, sand dune ecology.

INTRODUCTION

Asynchronous seed release and/or germination reduce the risk of
offspring mortality and are considered effective strategies to
cope with unpredictable environments (Narita and Wada,
1998; Harris and Pannell, 2010). Gradual seed release from the
mother plants has long been known as a ‘bet-hedging’ strategy
for many species (Cohen, 1966; Brown and Venable, 1986;
Lamont and Enright, 2000; Venable, 2007; Peters et al., 2011),
which results in two kinds of seed banks. One is an aerial seed
bank, which is formed on the plant (Lamont, 1991); the other
is a soil seed bank, which is formed in the soil (Thompson,
1987). Many studies have examined the ecological importance
of the two seed banks in the persistence and recruitment of
plants in populations (Gutterman and Ginott, 1994; Evans
et al., 2007; Gutterman et al., 2007; Peters et al., 2011).
However, we know little about the joint effect of these two
seed banks on the population dynamics of species, especially
for desert annuals.

For species with well-developed serotiny (having both aerial
and soil seed banks), especially woody plants, there is no
seed release until after specific dispersal or germination cues
(fire or rain) (Lamont et al., 1991; Gutterman and Ginott,
1994). However, for annuals inhabiting sand dunes, such as

Agriophyllum squarrosum, a small fraction of seeds falls onto
the soil surface and forms a soil seed bank before the peak of
seed release (Narita and Wada, 1998). A large fraction of seeds
is retained on the mother plants (aerial seed bank). Seed retention
is common in stressful habitats, such as those of fire-prone (Moya
et al., 2013), nutrient-poor (Günster, 1992) and seasonal drought
(Cowling and Lamont, 1985) conditions. The seeds are protected
from biotic factors (e.g. predation) and/or abiotic factors (e.g.
heat) before release from the mother plants (Gutterman and
Ginott, 1994). Reproductive structures (scales, bracts or folli-
cles) enclose the seeds, and are opened by fire (Clarke et al.,
2013) or cycles of hydration–dehydration (Gutterman and
Ginott, 1994) before seed release. For some desert plants, seed
release is triggered by environmental cues (such as seasonal
rain and wind) coinciding with the occurrence of favourable con-
ditions for seed germination and seedling establishment
(Gutterman and Ginott, 1994; Aguado et al., 2012).

Once environmental cues trigger seed release, the number of
seeds retained on the mother plants will gradually decrease
(Hamilton-Brown et al., 2008). On the other hand, the number
of seeds in the soil will be not be directly related to seed
release since the release cues (rain) mayalso trigger germination.
At this time, a germinated seed can be from either the soil seed
bank or an aerial seed bank. Therefore, the dynamics of the
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soil seed bank depend on both seed release from the aerial seed
bank and germination from the soil. Although germination
responses from soil seed banks have been well studied in differ-
ent environments, few investigations have been carried out to
determine germination responses of aerial seed banks to environ-
mental factors. Moreover, studies of aerial seed banks are mainly
focused on fire-prone habitats (Moya et al., 2013) and rarely on
deserts (Peters et al., 2011), where water availability is a key en-
vironmental factor (Noy-Meir, 1973). For some desert plants,
germination from an aerial seed bank can be rapid after release
(Gutterman and Ginott, 1994), because seeds retained on the
plants have already undergone hydration–dehydration cycles
and have thus been primed (Santini and Martorell, 2013).

Although an aerial seed bank is a potential repository analo-
gous to the soil seed bank and the two seed banks are from the
same maternal plant, large differences may exist between them
(Cowling and Lamont, 1987). The temporal variations in seed
release depend on dispersal cues, which minimize the delay in
germination and mediate fluctuations in the annual seedling
establishment by ensuring that seeds arrive on the optimal
substrates for germination and establishment (Lamont et al.,
1991; Lamont and Enright, 2000). This has been proposed as a
bet-hedging stategy for plants to cope with unpredictable envir-
onments (Venable, 2007). Soil seed banks, however, have an ad-
vantage in population maintenance after disturbances: even after
all above-ground plants are destroyed, seeds in the soil still have
the opportunity to germinate and establish when favourable con-
ditions occur (Fenner and Thompson, 2005). Heretofore, the
attributes and roles of an aerial vs. soil seed bank for the same
species have not been elucidated.

Species that have both aerial and soil seed banks may have
special adaptability in unpredictable environments. First, ger-
mination of seeds released from the aerial seed bank can result
in higher seedling density than that only from the soil seed
bank because prolonged seedling emergence resulting from
gradual seed release can result in an escape from the intense com-
petition among seedlings (Günster, 1994). Secondly, seeds from
an aerial seed bank have been primed on the mother plant and
thus can enhance seedling vigour and survival (Santini and
Martorell, 2013). Thirdly, the different responses of germination
of seeds from the two seed banks to environmental cues (tem-
perature, light or soil moisture) can result in differentiation in
the germination niche (phenology), which reduces the risk of
mass germination when extreme conditions occur within a
season. Finally, the contributions of the two seed banks to
fitness may differ because unpredictable environmental condi-
tions determine whether seedlings from an aerial or a soil seed
bank can complete their life cycles. However, no study has
been conducted to assess interactive effects of the two seed
banks on population dynamics.

Agriophyllum squarrosum is a sand dune species that has both
aerial and soil seed banks (Liu et al., 2006, 2007). This species
slows wind speed and reduces sand movement with its lignified
stems. Some seeds are retained on the dead plants for .1 year
and are released by strong wind during the growing season and
then buried deeply by active sand movement to become a part
of the soil seed bank (Ma and Liu, 2008). Meanwhile, the wind
dispersal of seeds results in the heterogeneous patterns of the
soil seed bank and ultimatelly influences the establishment of
seedlings and the distribution of plants in the sand dune (Bai

et al., 2004; Liu and Wang, 2009; Bastida et al., 2010).
Therefore, the seed bank dynamics of this species are compli-
cated, and studying the functional difference between aerial
and soil seed banks would help us to understand the adaptive
mechanisms for population maintenance and plant regeneration
involving the two seed banks.

We hypothesized that aerial and soil seed banks of desert
species have different roles in the process of seed germination,
seedling establishment and plant fitness. To test this hypothesis,
field observation and controlled experiments were used to
explore: (1) relationships between seed release and environmen-
tal cues; (2) seasonal dynamics of the aerial and soil seed bank;
(3) germination responses of seeds from the aerial and soil seed
banks to temperature and light; (4) dynamics of seedling emer-
gence from the two seed banks; and (5) fitness of plants that
emerged from the two seed banks. Comparison of the functions
of the two seed banks would provide insights into the ecological
significance and adaptive strategies of seasonal aerial and soil
seed banks in unpredictable environments.

MATERIALS AND METHODS

Study site

The study was carried out at the Ordos Sandland Ecological
Research Station of the Chinese Academy of Sciences
(39 829′37.6′′N, 110 811′29.4′′E, 1296 m a.s.l.), located in the
north-eastern Mu Us Sandland in Inner Mongolia, China. The
Sandland is semi-arid with a mean annual precipitation of
345.8 mm, most of which falls during the growing season
(from June to August). Mean annual temperature is 6.8 8C with
a minimum of –16.9 8C in January and maximum of 28.1 8C
in July. In the growing season, mean wind velocity is 2.39+
0.14 m s– 1, mean maximum velocity of the wind is 6.72+
0.34 m s– 1 and the wind is strongest in early May. The landscape
at the station is characterized by mobile and semi-fixed sand
dunes dominated by the forbs Agriophyllum squarrosum,
Corispermum declinatum and C. patelliforme, and by fixed
sand dunes with the shrubs Artemisia ordosica, Hedysarum
laeve, Salix psammophila and Sabina vulgaris. Seed germin-
ation of most species starts in late April, when temperature
increases and snow melts away.

Study species

Agriophyllum squarrosum (L.) Moq. (Amaranthaceae) is an
annual psammophyte, widely distributed in arid and semi-arid
regions of northern China, Russia, Mongolia and Iran (Kong,
1996). Populations of this species form monospecific stands,
with its stems slowing wind speed and reducing sand movement
during the growing season as well as during the winter. The
species is a heavily branched stiff forb with alternate, smooth
and prickly leaves. The flowers are bisexual and grow in small
capitate, axillary, spiny inflorescences, and the period of flower-
ing is from July to September. The fruits are compressed with a
narrow wing, and mature in September and October. The
matured fruits are enclosed by stiff bracts with prickles, and
seed release occurs due to wind when the bracts open. In
natural habitats, many seedlings that emerge in early spring die
due to spring frosts (pers. obs.).
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Seed characteristics and germination behaviourof freshly harvested
seeds

Fifty plants were randomly selected in a natural population of
A. squarrosum near the station on 15 October 2011, and each
plant was individually placed in a paper bag, and then taken to
the laboratory. Seeds were removed from each plant by rubbing
the infructescence by hand and counted to determine the
average seed number per plant; these seeds from the different
plants were then mixed and dried for 3 d at a temperature simu-
lating natural conditions (5–15 8C). Ten groups of 1000 seeds
were weighed using an electronic analytical balance (Sartorius
BP 221 S, Sartorius, Germany) to obtain the average seed mass;
the length and width of 100 seeds were measured by using a dis-
secting microscope (Nikon 80i, Nikon Corp., Tokyo, Japan).

To explore the germination characteristics of freshly matured
seeds at different temperatures and in different light conditions,
experiments were conducted at 15/5, 20/10, 25/15 and 30/20 8C
(12/12 h) in alternating light and darkness (12 h photoperiod,
approx. 400 mmol m– 2 s– 1, cool white fluorescent light) and
in continuous darkness. The four temperature regimes repre-
sented mean minimum/maximum temperatures for late April
and October, May and September, June and August, and July
in the habitat, respectively. Four replicates of 25 seeds each were
placed into 7 mm diameter Petri dishes on two layers of filter
paper moistened with 3 mL of distilled water. Germination was
checked every 24 h. For the dark treatment, germination was
checked under green safe light in a dark room. Germinated
seeds (radicle emerged) were removed, and the experiment was
completed after 20 d when no additional seeds germinated for
four successive days. The viability of ungerminated seeds was
determined by prodding them with forceps to determine whether
the embryo was firm, indicating a viable seed. Final germination
percentage (GP) was calculated with the following equation:

GP = A/(A + B) × 100 %

where A is the number of germinated seeds and B is the number
of ungerminated but viable seeds.

Establishment of plots for seed release, seed bank dynamics,
seedling emergence and survival studies

Four plots were arrayed in natural populations of
A. squarrosum near the station from April to August in 2012 to
study the dynamics of seed release (seed release plot), of the
seed bank (seed bank plot), of seedling emergence (seedling
emergence plot) and of seedling survival (seedling survival
plot). These plots were adjacent to each other and the density
of plants was similar (7+ 2.58 plants m– 2). Climate data from
March to September in 2012 were collected from a weather
station at the Ecological Station, including daily maximum and
minimum temperatures, amount of daily rainfall ( .5 mm)
and daily maximum wind velocity.

Seed release

In order to determine the relationships between seed release
dynamics and environmental cues, seed release was monitored
in the seed release plot (20 × 15 m2) from 15 March to

15 September 2012. Thirty seed traps were randomly arrayed
below the canopies of the species. The seed trap was made
from a plastic pot (height, 18 cm; diameter, 14 cm) with holes
at the bottom. A nylon bag (0.9 mm mesh size) was placed into
the pot (covering the holes) and the open end was fixed on the
edge of the pot by a length of elastic. Then the seed traps were
buried to a 16 cm depth of sand and kept 2 cm above the sand
surface to prevent shifting sand from falling into the pot. At
15 d intervals, the nylon bags in the pots were removed and
any seeds that were present in the bags were collected. These
bags were then put back into the pots. The density of seed release
was calculated as the number of seeds per square metre.

Seasonal soil and aerial seed bank

Seed bank dynamics were determined in the seed bank plot
(55 × 65 m2) in April and August 2012. To determine the dy-
namics of aerial and soil seed banks, 30 quadrats (2 × 2 m2)
were set along five transects in lowlands between sand dunes.
Each transect was 60 m in length, and the distance between
neighbouring quadrats was 10 m. We considered the seeds that
were released before germination (late April) as the soil seed
bank and the seed that were still retained on the mother plant
as the aerial seed bank. Aerial and soil seed banks were collected
on 15 April (after the frozen soil thawed but before seed germin-
ation) and 27 August (before the freshly matured seeds were
released). On each sampling date, a soil sample (10 × 10 ×
5 cm3) and an aerial seed bank sample (all standing plants,
50 × 50 cm2) were randomly collected in each quadrat. The
soil samples were taken to the laboratory and the seeds were
sieved using a 0.9 mm mesh. Aerial seed bank samples were col-
lected; the seeds of these plants were shed by rubbing and the
number of seeds was counted. Finally, the density of both seed
banks was calculated as the number of seeds per square metre.

Germination of seeds from the aerial and soil seed bank

Seeds from the 30 samples of the seed bank plot were mixed
according to seed bank types collected on 15 April; seeds from
the soil were put in an opaque bag to reduce the influence of
light on seed germination. To explore the differences in seed ger-
mination responses between aerial and soil seed banks, experi-
ments were conducted simultaneously on 15 April as described
above in ‘Seed characteristics and germination behaviour of
freshly harvested seeds’.

Seedling emergence

Ninety quadrats (15 × 15 cm2) were used in this experiment
and each quadrat was randomly arrayed in the seedling emer-
gence plot (30 × 30 m2) to monitor the dynamics of seedling
emergence. Seeds from the aerial seed bank were allowed to be
released into these quadrats, and thus these quadrats were
named ‘open quadrats’ which were randomly divided into
three groups. (1) Early-emerged seedling group: 30 quadrats
were used to monitor seedling emergence from 16 April to
15 May. (2) Intermediate-emerged seedling group: 30 quadrats
were used to monitor seedling emergence from 16 May to
15 June, with seedlings emerging before 16 May being
removed and not considered. (3) Late-emerged seedling group:
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30 quadrats were used to monitor seedling emergence from
16 June to 15 July, with seedlings emerging before 16 June
being removed and not considered. For each of the above-
mentioned groups, the number of seedlings was recorded every
5 d and the experiments were terminated on 15 May, 15 June
and 15 July, respectively.

To monitor seedling emergence only from the soil seed bank,
another 90 quadrats (15 × 15 cm2) were covered with a nylon net
(0.9 mm mesh size, see above) and arrayed corresponding to the
three groups of ‘open quadrats’. The nylon net prevented the in-
corporation of dispersed seeds from the aerial bank into the soil
seed bank. If there were Agriophyllum plants in the plots, the net
was cut and rewoven at the bottom of the stem to exclude seed
release from the plants onto the soil surface. These quadrats
were named ‘covered quadrats’ because seeds from the aerial
seed bank could not fall onto the soil surface, and therefore seed-
ling emergence from these quadrats originated only from the soil
seed bank. Each of the ‘covered quadrats’ was enclosed by four
white PVC pipes, on which the edges of the nylon nets were fixed
by eight iron nails to 10 cm above the sand surface. The nets were
not close to the sand surface due to the strut of the PVC pipes, and
thus had no effect on seedling emergence. The numbers of seed-
lings emerging from the three groups of ‘covered quadrats’ were
checked at 5 d intervals, as was previously described for the
‘open quadrats’.

Therefore, seedlings from ‘open quadrats’ originated from
seeds of both soil and aerial seed banks, while the seedlings
from ‘covered quadrats’ came only from seeds in the soil seed
bank.

Seedling survival

To assess the seedling survival under natural conditions,
90 open quadrats were arrayed in the seedling survival plot
(30 × 30 m2), in the same way as for the seedling emergence
experiment. Seedlings that emerged in these quadrats within a
given month were retained to the end of the growing season
so that they had the possibility to complete their life cycle. A
plant was considered to have survived when it completed its
life cycle and produced seeds. Finally, the number of seeds pro-
duced by the surviving plants was determined in each quadrat on
28 September and the seed number per plant and seed yield per
square metre were calculated.

Data analyses

Statistical analyses were conducted with SPSS 13.0 (SPSS
Inc., Chicago, IL, USA). To assess whether seed release was
related to key environmental factors, correlation analyses were
carried out between seed release, mean maximum wind velocity,
maximum and minimum temperature, amount of rainfall and
number of rainfall events. The mean densities of the seed bank
and seedlings in the quadrats were standardized to yield the
mean number of seeds and seedlings per square metre and trans-
formed by normal logarithm to enhance normalityand homogen-
eity of variance. An analysis of variance (ANOVA) was then
carried out to test for the differences in seed density between
the two seed banks and in seedling density among different
times during the growing season. Germination data were trans-
formed by arcsin square root. ANOVAs were carried out to iden-
tify the effects of temperature, light and/or seed bank type on
germination percentages. If ANOVAs showed significant
effects, the test of least significant difference (l.s.d.) was used
to determine differences between treatments.

RESULTS

Seed characteristics and germination behaviour of fresh seed

Average seed number per plant was 1837+ 452 which varied
greatly according to plant size, and the yellow, flat, ellipsoid
seed was 1.267+ 0.025 g per 1000 seeds. The lengths of the
long and short axes were 1.88+ 0.02 and 1.46+ 0.02 mm,
respectively.

A two-way ANOVA showed that temperature regimes, light
and their interaction had significant impacts on the germination
of fresh seeds (Table 1). After 20 d of incubation, fresh seeds
germinated to significantly higher percentages at high (15/25 and
20/30 8C) than at low (5/15 and 10/20 8C) temperatures in continu-
ous darkness. When comparing the responses of seed germination
in the light regimes, alternating light/dark (12/12 h) conditions
significantly inhibited germination under all temperature regimes
(Fig. 1), indicating that fresh seeds were sensitive to light.

Seed release

More than half of the seeds (57.6+ 4.7 %) were released
from the total dispersed seeds (monitored from 15 March to

TABLE 1. Results from ANOVAs testing for the effects of various factors on germination of freshly harvested seeds and of seeds from
seed banks for Agriophyllum squarrosum

Variance source Type III sum of squares d.f. Mean square F P

Freshly harvested seeds
Temperature 2.640 3 0.880 42.711 , 0.001
Light 2.500 1 2.500 121.380 , 0.001
Temperature × light 0.862 3 0.287 13.950 , 0.001
Seeds from the seed bank
Temperature 20 559.272 3 6853.091 57.526 , 0.001
Light 69 673.428 1 69 673.428 584.850 , 0.001
Seed bank type 502.458 1 502.458 4.218 0.045
Temperature × light 7502.363 3 2500.788 20.992 , 0.001
Temperature × seed bank type 3145.927 3 1048.642 8.802 , 0.001
Light × seed bank type 641.723 1 641.723 5.387 0.025
Temperature × light × seed bank type 1603.825 3 534.608 4.488 0.007
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15 September) of mother plants before 1 May, after which the seed
release decreased with the decrease in wind velocity (Fig. 2). Seed
releasewaspositively related towindvelocity (Pearsoncorrelation
coefficient ¼ 0.911, P , 0.001) but was not related to the maxi-
mum and minimum temperature, amount of rainfall and the
number of rainfall events (all P . 0.05). The peak of seed release
(1359+133 seeds m–2) was in late April, when the mean maxi-
mum wind velocity was highest (9.1 m s–1); seed release sharply
declined at the end of July when the wind velocity decreased
to 5.7 m s–1. After July, a small number of seeds (12–15 seeds
m–2) were released from the plants (Fig. 2).

Seasonal soil and aerial seed bank

The number of seeds in the aerial seed bank was significantly
higher than that in the soil seed bank in both April and August (all

P , 0.001). The density of seeds in the two seed banks decreased
significantly from April to August (all P , 0.001) (Fig. 3). At the
end of the germination season in August, most of the seeds from
both seed banks were exhausted, but there was still a small
portion remaining in the aerial (13.2+ 1.75 %) and soil
(9.3+ 2.43 %) seed banks.

Seed germination in aerial and soil seed bank

A three-way ANOVA showed that germination responses to
the temperature regimes were highly dependent on the light con-
dition (Table 1). Moreover, germination responses to tempera-
ture regimes and light conditions varied significantly between
the two types of seed banks.

Seeds from the two seed bank types had different germination
responses to seasonal temperature regimes and light conditions.
Under both full darkness and alternating light/dark conditions,
germination percentages from soil and aerial seed banks
increased with the increase in temperature, but those of seeds
from the aerial seed bank increased more rapidly than those of
seeds from the soil seed bank (Fig. 4A, B).

Under full darkness, the final germination percentages of
seeds from the soil seed bank were significantly higher than
those from the aerial seed bank at 5/15 8C (P , 0.05). In contrast,
germination was significantly higher for seeds from the aerial
seed bank than those from the soil seed bank at 10/20 and
15/25 8C (all P , 0.05). Seed germination was almost 100 % at
20/30 8C for both seed banks (Fig. 4A). Compared with the full
darkness treatment, germination under alternating light/dark
conditions under the same temperature regimes was very low.
The lowest seed germination (1.0+ 1.0 %) occurred at 5/15 8C
for the two seed banks. Seed germination of the aerial seed
bank was higher than that of the soil seed bank at the other tem-
peratures (all P , 0.05), especially at 15/25 and 20/30 8C
(Fig. 4B).
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Seedling emergence and survival

Seedling emergence from ‘open quadrats’ (containing seeds
from both aerial and soil seed banks) lasted for 3 months,
while that from ‘covered quadrats’ (containing seeds from only
the soil seed bank) only occurred in the first month and no seed-
lings appeared in the next 2 months (Fig. 5). Therewas no signifi-
cant difference in early seedling emergence between open and
covered quadrats (P ¼ 0.880). In the open quadrats, seedling
emergence was not significantly different among times of seed-
ling emergence (P . 0.05) (Fig. 5).

The timing of seedling emergence had a large impact on seed-
ling survival. The seedling survival percentages of the early-
emerged seedlings sharply decreased to 33.4+ 7.3 % within
the first month due to the occurrence of the frost events (Figs 6,
7). At the end of the growing season, all the early-emerged seed-
lings died, while the survival percentages for intermediate- and
late-emerged seedlings were 62.4+ 6.4 % and 52.2+ 8.1 %,
respectively (Fig. 6).

Seed yield

Among the plants that emerged at different times, seed number
per plant was highest for seedlings that emerged at an

intermediate time; no seed was produced from early-emerged
plants (Fig. 8A). Seed yield of plants that emerged at an inter-
mediate time was highest and significantly different from that
at the other two emergence times (all P , 0.05); no seed was pro-
duced by plants that emerged during the early time period
(Fig. 8B).

DISCUSSION

Gradual seed release can be a strategy to reduce the seasonal risk
in germination and seedling establishment (Bastida et al., 2010).
Seed release of A. squarrosum was triggered by wind and signifi-
cantly related to wind velocity (Fig. 2). This indicates that wind
may provide the seeds with the mechanical force to detach from
the mother plants. Moreover, the strongest wind occurred in late
April and might be an environmental cue for the subsequent
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germination season, with rising (spring-time) temperature and
increasing precipitation (Figs 2, 7B). Although deep sand
burial caused by strong wind might be disadvantageous for ger-
mination (Bai et al., 2004; Liu et al., 2006), gradual release might
ensure that some seeds fall in shallow sand and have the oppor-
tunity for germination and establishment with the stochastic
rainfall events. In this way, gradual release cannot only spread
the arrival of seed in the soil over a longer time period, but can
also affect the spatial distribution of seeds in the soil. This
might be a bet-hedging strategy (Evans et al., 2007), which is
adaptive for A. squarrosum in its unpredictable environment.

Throughout the growing season, the number of seeds in the
aerial seed bank of A. squarrosum was far more than that in the
soil seed bank (Fig. 3). Prolonged seed release might be a strategy
of maternal care. A large number of A. squarrosum seeds were
retained on the mother plants with prickly leaves and fruits
(Fig. 3), which may protect the seeds from grazing and from
sand burial. In sand dune systems, eolian activity causes sand
burial and greatly affects growth and regeneration of plants.
Retaining seeds in an aerial seed bank could not only prevent
seeds from deep sand burial (Liu and Wang, 2009), but could
also enable seeds to be released from mother plants by specific
environmentalcues (windor rain)predictingfavourableconditions.
Therefore, an aerial seed bank could provide A. squarrosum with
a great opportunity for successful population maintenance in the
sand dune system.

However, the soil seed bank lacks such protection and might
be more at risk on the shifting sand dune than the aerial seed
bank. Seeds in the soil seed bank of A. squarrosum sharply
decreased from April to August (Fig. 3) possibly for several
reasons. First, germination of seeds from the soil seed bank can
be a major cause of the loss of seeds from the soil seed bank.
In fact, a massive number of seeds in the soil seed bank would
germinate once germination requirements are met. Secondly,
the loss of a small number of seeds has been attributed to sand
burial (Liu et al., 2006; Ma and Liu, 2008). The vertical distribu-
tion of the seed bank (0–1 m) of A. squarrosum in soils suggests
that seeds are buried deeply by active sand movement very soon
after release. These deeply buried seeds can be exposed to the
shallow sand by disturbances (wind, grazing and engineering)
and germinate (Liu et al., 2007; Ma and Liu, 2008). Finally,
the decrease of seeds in the soil seed bank may result from
seed loss due to predators and pathogens, which are typically
present in desert environments (Gutterman, 1993).

Seed germination of A. squarrosum under full darkness was
higher than that under alternating light/dark conditions, regard-
less of whether seeds were from the soil or aerial seed bank
(Table 1, Fig. 4A, B). This shows that seeds of this species can
germinate in darkness, and a persistent soil seed bank is unlikely
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to develop. In other words, the soil seed bank in this species is
short lived – seeds are only 1 year old. The importance of photo-
inhibited germination and soil seed bank formation has been
found in other studies, e.g. several species in Cactaceae (Flores
et al., 2006).

Under dark conditions, responses of germination to tempera-
ture regimes differed between seeds from the soil and aerial seed
banks: higher germination occurred for seeds from the aerial
seed bank than for those from the soil seed bank at high tempera-
tures (Fig. 4A). However, germination of seeds from the aerial
seed bank was lower than that from seeds of the soil seed bank
at 5/15 8C (Fig. 4A). These results suggest that seed germination
of the aerial seed bank is sensitive to low temperature, i.e. the
seeds could not germinate in early spring (from 16 April to
15 May) while seeds from the soil seed bank could do so. On
the other hand, the germination niche is wider for the aerial
seed bank than for the soil seed bank, with aerial seeds gaining
the ability to germinate during the following 2 months (from
16 May to 15 July). Thus, the germination of aerial seed and
soil seed showed temporal heterogeneity, with seeds from the
soil seed bank germinating earlier than those from the aerial
seed bank in the habitat.

Under the alternating light/dark condition, seed germination
increased with the increase in temperature, and germination of
seed from the aerial seed bank was higher than that from the
soil seed bank (Fig. 4B). The relatively weak sensitivity to
light of the aerial seed bank suggests that seed germination can
be high when seeds fall on the sand surface after release during
the intermediate and late germination seasons. This photo-
response may be attributed to the fact that dormancy break
occurred in the seeds during exposure to low winter temperatures
and during hydration–dehydration cycles when they are retained
on the mother plants (Figs 1, 4B) (Baskin and Baskin, 2001). The
differences in the sensitivity of seed germination to light and
temperature between the two seed banks may regulate the ger-
mination phenology and temporal patterns of seedling emer-
gence in the habitat.

Seedling emergence of A. squarrosum is related to seasonal
sand moisture content. Seedlings emerged during the early ger-
mination season (16 April to 15 May) from the soil seed bank
in ‘covered quadrats’ (Fig. 5) soon after snowmelt. The tempera-
ture (5/15 8C) at this time is suitable for germination of seeds
from the soil seed bank. The absence of seedling emergence
during the intermediate and late germination seasons in
‘covered quadrats’ (Fig. 5) may be due to the lack of shallow
buried seeds (since many had already germinated); the remaining
seeds are buried deeply in the soil. However, seedlings occurred
in all months in the ‘open quadrats’. Thus, late-emerged seed-
lings are mainly from the aerial seed bank.

Seedling establishment of some plants is affected by extreme
climate events that occurred after seedling emergence, which
was also observed in A. squarrosum. Most of the early-emerged
A. squarrosum seedlings died (Fig. 6). The survival of seedlings
that emerged in the early germination season was lowest; this
resulted from the four frost events and drought stress that
occurred before the rainy season began (Fig. 7). Although a
small proportion of early seedlings survived after the extreme
events, they grew slowly with unhealthy leaves and gradually
died during the late growth period, and only a few individuals
produced seeds (pers. obs.). Therefore, early seedling emergence

from the soil seed bank is risky, because the first rainfall is not pre-
dictive of subsequent favourableconditions (Petrů andTielbörger,
2008). In contrast, the intermediate- and late-emerged seedlings
had high survival because seedling emergence was followed by
favourable temperature regimes and rainfall events.

The fitness of a plant has often been estimated by seed number
and yield (Nicotra et al., 2010). In deserts, the timing of seedling
emergence is important for reproduction and fitness (Donohue
et al., 2010). In favourable years, early-emerged seedlings may
be larger, have stronger competitiveness and higher seed yield
than late-emerged seedlings (Günster, 1994; Levine et al.,
2005; Donohue et al., 2010). In unfavourableyears, early-emerged
seedlings are at risk because unpredictable climatic events (e.g.
freezing and drought) can occur after seedling emergence. For
A. squarrosum, the differences in seedling emergence time
between the aerial and soil seed bank might spread the risk in
the unpredictable environment.

The different contributions of the two seed banks to plant
fitness remain unclear, especially in an unpredictable environ-
ment (Donohue et al., 2010). In Mammillaria hernandezii
(Cactaceae), late-released seeds had higher fitness than seeds
from the soil seed bank. Seeds retained on the mother plants
may undergo hydration–dehydration cycles, which promote
changes in seed physiology and further enhance seed germin-
ation by a priming effect (Santini and Martorell, 2013). We
suggest that priming by hydration–dehydration cycles may be
the reason for the high seed germinability and seedling vigour,
survival and fitness for the aerial seed bank of A. squarrosum.
Our results also showed that few early-emerged seedlings of
A. squarrosum produced seeds; intermediate- and late-emerged
seedlings not only had high survival but also successfully pro-
duced seeds (Fig. 8). Although a small number of seeds per
plant were produced due to a short life cycle and small plant
size, the aerial seed bank apparently increases plant fitness
after the occurrence of extreme environmental events following
the first seedling emergence period.

Summary

In harsh drought habitats, such as in the Ordos Sandland of
China, with unpredictable amounts and distribution of precipita-
tion throughout the growing season, the regulation of germin-
ation and seedling establishment is critical to plant survival
and reproduction. The regulation mechanism is related mainly
to the germination process that ensures germination of fractions
of the seed banks at the appropriate time and in a suitable place
(Gutterman, 1993; Huang et al., 2004; Cao et al., 2012). Thus,
plants in deserts such as A. squarrosum have evolved comple-
mentary adaptations and survival strategies throughout the
stages of their life cycles, i.e. the aerial and soil seed banks.
Formation of these two types of seed banks may be recognized
as a mechanism for plant population maintenance in the face
of unpredictable environments.

Our study identified the different roles of the two seed banks in
regulating seed germination, seedling emergence and establish-
ment, and plant fitness. Our results suggest that aerial and soil
seed banks may be a bet-hedging strategy for population main-
tenance in unpredictable environments: early-emerging plants
from the soil seed bank may have a relatively long life cycle
and therefore may be relatively large and may yield seed.
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However, they also have a high risk of death due to drastic fluc-
tuations in environmental conditions (such as low temperatures
in early spring and periods of drought). On the other hand,
intermediate- and late-emerging plants from the aerial seed
bank are small and have low seed yield because of a short life
cycle. However, they have low risk of death due to favourable
growing conditions.

Considering the projected future climate change, the increase
in the minimum temperature and in rainfall during early spring
may enhance high recruitment for plant populations (Ibanez
et al., 2007). However, the predicted increase of extreme
climate events may also result in the occurrence of increased
seedling mortality. In such a case, desert annuals with two seed
banks, such as A. squarrosum, have a strong capacity to cope
with unpredictable events and maintain the regeneration of
populations. Our study provides a new insight for understanding
the functional significance and adaptive strategies of the seasonal
aerial and soil seed banks in population maintenance of sand
dune plants.
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