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A B S T R A C T

Few studies have focused on the relationships between vegetation and soil seed banks on small islands. To better
understand the pattern and regeneration potential of seed banks on tropical coral islands, we measured en-
vironmental factors and the species composition, and species richness of soil seed banks and vegetation along a
gradient from the center to the edges on East Island in the South China Sea. The results showed that the simi-
larity between the species composition of vegetation and seed banks increased from the center to the edge. In the
center, species richness in both vegetation and seed banks was positively correlated with soil organic matter,
total nitrogen, and total phosphorus. At the edge, species richness in both vegetation and seed banks was po-
sitively correlated with soil pH. Our results indicate that plant communities contributed little to the seed banks
in the center of the island and evidently played a minor role in vegetation regeneration at that location. Plant
communities near the edge, in comparison, showed a greater potential for regeneration from seed banks.
Conservation and management practices along the center-to-edge gradient should be designed in accordance
with the differences in plant communities and soil seed banks at different locations on the gradient.

1. Introduction

The plant communities on small coral islands differ from those on
main lands in several significant ways. As a relatively closed ecological
system, an island has some barriers for exchange of materials with the
outside world (Martinez-Escobar and Mallela, 2019) and usually has
high habitat heterogeneity (Looney and Gibson, 1995). The plant
communities on island undergo succession and regeneration, seed dis-
persal and germination, and biotic and abiotic interactions (Hayasaka
et al., 2009; Philipp et al., 2018). Plant species on islands inhabit dif-
ferent niches according to the differences in the plants’ biological
characteristics (Prabakaran and Paramasivam, 2014).

The Paracel Islands in the South China Sea are the largest group of
coral islands and have abundant natural resources but vulnerable eco-
systems (Tong et al., 2013). The Parcel Islands support 310 species of
vascular plants, which form four types of vegetation, including coral
island tropical evergreen forest, tropical evergreen shrub forest, tropical

herb-vine community, and artificially cultivated vegetation (Zhang,
1974; Zhang et al. 2011). All of the plant species on the islands ori-
ginally immigrated from the neighboring continent and islands via sea
currents, birds, wind, and humans. Over the past half century, the
species and area of cultivated plants on the islands have increased
(Zhang et al. 2011; Xing, 2018). Because of natural and human dis-
turbance, the Paracel Islands face loss of vegetation coverage, vegeta-
tion degradation, and species invasion (Exploration Group of Paracel
Islands of Institute of Soil Science of Chinese Academy of Sciences
(CAS), 1977; Tong et al., 2013).

Vegetation and seed banks are important biotic components on
coral islands because they have direct and indirect effects on the sta-
bility and resilience of the island ecosystem (Looney and Gibson, 1995).
Species distributions are the result of long-term interactions of above-
ground vegetation and soil seed banks as well as their relationships
with the environments (Todo et al., 2019). Our knowledge of the
characteristics of aboveground vegetation and soil seed banks and their
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correlations with environmental factors on coral islands in the South
China Sea is limited (Zuo et al., 2014), but such knowledge is needed to
support management decisions with respect to conservation or re-
storation.

In this study, we examined the characteristics of both vegetation
and soil seed banks and their relationships with environmental factors
on a center-to-edge gradient on East Island, a tropical coral island in the
South China Sea. The primary objectives were to explore how en-
vironmental conditions influence vegetation and soil seed banks and to
determine the potential of soil seed banks to support ongoing re-
generation of vegetation on the island.

2. Methods

2.1. Study sites

The study was conducted on East Island (16°39′–16°41′N,
112°43′–112°45′E), which is a coral island and one of the Paracel
Islands in the South China Sea; East Island is about 2.4 km long and
0.5 km wide (Liu et al., 2017). The island has been rarely disturbed by
humans and has a typical tropical marine climate with year-round high
temperatures ranging from 15.3 to 34.9 °C, a mean annual precipitation
of 1500 mm, and a mean annual evaporation capacity of 2500 mm. The
island has about 50 plant species. The mature soils on the island are
mainly guano-phosphatic coral-sand soils, and the immature soils are
predominantly coral sand (Exploration Group of Paracel Islands of
Institute of Soil Science of Chinese Academy of Sciences (CAS), 1977).

2.2. Plot establishment, seed bank sampling, and vegetation survey

In October 2017 and April 2018, we divided the whole island into
three areas (edge, middle, and center; Supplementary Fig. 1) based on a
previous investigation of the vegetation and soil (Tong et al., 2013).
The edge area included the zone between the shoreline and about 83 m
inland from the shoreline; the middle area included a zone between
about 83 m and about 167 m inland from the shoreline; and the center
area included a zone between about 167 m to about 250 m inland from
the shoreline (the location of the center point of the center area). The
boundaries of the three areas would form concentric circles if the island
were circular but, as noted earlier, the island is oblong.

The dominant plant species differed in the three areas. In the center
area, a tree, Pisonia grandis, was dominant, but Stenotaphrum subulatum,
Guettarda speciose, and Morinda citrifolia had scattered distributions in
the understory. In the middle area, the shrubs Cordia subcordata, G.
speciose, and Scaevola sericea were dominant, and Lepturus repens and
Portulaca oleracea were common herbs. In the edge area, herbs and
vines including Suriana maritima, Messerschmidia argentea, S. sericea,
Pemphis acidula, and Ipomoea pescaprae were dominant. In addition, we
found calcareous humus soils under trees and shrubs and alluval coral
sand soils under herbs and vines. Sand dunes without vegetation were
present in parts of the edge area.

In each area, we identified five sites. At each site, we randomly
designated five plots (20 m × 20 m) (Supplementary Fig. 1). Each plot
was divided into four quadrats (5 m × 5 m) and a subplot (1 m × 1 m)
was established in the center of each quadrat. Using a soil auger (4 cm
diameter), we collected four soil subsamples to a depth of 10 cm in
every subplot. The four subsamples were combined and mixed to yield
one sample per subplot, which was used to assess the soil seed bank
(Daïnou et al., 2011). To assess the soil seed bank, stones and plant
fragments were removed from the soil samples, which were then placed
in germination trays (22 × 17 × 8 cm3 each). The trays were kept in a
greenhouse and were watered regularly. Six control trays with sterilized
soils were interspersed among the germination trays to detect potential
contamination. Emerging seedlings were removed after they could be
identified. The experiment was terminated when additional seedlings
failed to appear for several consecutive weeks, which occurred after

about 8 months.
The aboveground vegetation was assessed immediately after the soil

was sampled in each subplot. The number of individuals of each species
was determined (Wang et al., 2009). The Moosehom method was used
to evaluate the coverage of trees in the forest (Garrison, 1949). The
sample point method was used to evaluate the coverage of shrubs and
herbs (Vales and Bunnell, 1990). In addition, six soil samples were
collected using a soil auger (diameter 4.0 cm, depth 10 cm) with five
replicates from the four corners of each quadrat (Luo et al., 2019). The
following soil variables were measured as described by Liu (1996): pH,
salinity, and contents of organic matter (SOM), total nitrogen (TN),
total phosphorus (TP), and available phosphorus (AP).

2.3. Data analysis

We used detrended correspondence analysis (DCA; Hill and Gauch,
1980) to analyze species composition.

Sørenson's coefficient (S’) was used to evaluate the similarity be-
tween the species richness of the aboveground vegetation and seed
banks (Liu et al., 1998). S’ was calculated as follows:

= +S 2C/(A B)' , where A is the aboveground vegetation species
richness, B is the seed bank species richness, and C is the common
species richness of A and B,

Soil TN, TP, AP, SOM, and salinity were included as environmental
factors, and habitat was considered as a dummy variable. We compared
the influence of soil physicochemical variables on species richness of
seed banks and aboveground vegetation among sampling locations
using redundancy analysis (RDA). All data analyses were conducted
with the software R 3.5.3 (ter Braak and Šmilauer, 2012).

3. Results

In all plots across all three areas on the island, 43 species were
detected in the seed bank and 46 species were detected in the above-
ground vegetation. Four weed species and three cultivated species were
detected in both the soil seed banks and aboveground vegetation
(Supplementary Table 1). Mean (± SE) species richness per plot was
significantly higher in the aboveground vegetation (9.89 ± 5.42 spe-
cies) than in the seed banks (7.92 ± 2.87 species). Seed density in the
soil seed bank (as indicated by the germination assay) was 144.6·m−2

in the center area, 170.6·m−2 in the middle area, and 171.5 m−2 in the
edge area.

The similarity between the species composition of the aboveground
vegetation and the soil seed banks was highest in the edge area for
herbs (annual or perennial, Supplementary Table 1). In both November
and April, the DCA results indicated that the species composition of the
aboveground vegetation and the soil seedbank seldom overlapped in
center area plots (Fig. 1a, d), frequently overlapped in middle area plots
(Fig. 1b, e), and almost always overlapped in edge area plots (Fig. 1c, f).

In other words, the similarity between the species composition of
the aboveground vegetation and soil seed bank in different seasons
increased from the center to the edge. In the same area, the similarity
was higher in November 2017 than in April 2018. In November 2017,
the similarity was significantly higher in middle and edge areas than in
the central area. In April 2018, the similarity in the species composition
of the aboveground vegetation and the soil seed bank was significantly
higher in the edge area than in the other two areas (Fig. 2).

Soil properties were highly consistent between November and April.
The concentrations of AP, TN, and TP were significantly affected by
area (p < 0.05, Table 1). TN and TP were highest in the center area.
AP in the center and middle areas was significantly higher than in the
edge area. SOM was significantly higher in the middle area than in the
edge area. The difference in salinity between the middle and center or
edge was substantial due to a small area of marshy saline soil in the
middle area. Soil pH did not significantly differ among the three areas.

The RDA analysis revealed significant correlations in both
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November and April between soil physicochemical characteristics and
species richness of the aboveground vegetation in the center and edge
areas (Fig. 3a,c) and of species richness of the soil seed bank in center
and edge areas (Fig. 3b,d). The species richness of the aboveground
vegetation was positively correlated with soil pH in the edge area, and
was positively correlated with SOM, AP, TN, and TP in the center area
(Fig. 3a,c). The species richness of the soil seed bank was positively
correlated with pH in the edge area, and with SOM, AP, TN, and TP in
the center area (Fig. 3b,d). In the middle area, the species richness of
the aboveground vegetation and of the soil seed bank were positively
related with soil pH in some plots and with SOM, AP, TN, salinity, and
TP in other plots (Fig. 3). The species richness of the aboveground

vegetation and soil seed bank also varied seasonally (Supplementary
Table 1 and Fig. 3).

4. Discussion

Our results showed that the vegetation on the coral island was
mostly mono-dominant and that seed availability in the soil seed bank
appeared to be an important limiting factor with respect to regenera-
tion, especially in the center area of the island, where the vegetation
was dominated by P. grandis but where the soil seed bank contain few P.
grandis seeds. Our findings are consistent with previous reports, which
indicated that seed availability was important to restoration and was

Fig. 1. Results from detrended correspondence analysis (DCA) of species composition between aboveground vegetation and the soil seed bank in three areas of the
island: the center (a and d), the middle (b and e), and the edge (c and f).

Fig. 2. Sørenson's similarity coefficient between the species composition of the aboveground vegetation and the soil seed bank in three areas and two seasons.
Total = Entire island. Values are means ± SE; means with different letters are significantly different.
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influenced by many environmental factors including soil properties
(Fosberg, 1976; Rogers and Morrison, 1994). From the edge to the
center area of the coral island, changes in the physical and chemical
properties of soil documented in the current study were likely to fa-
cilitate soil/plant restoration. Although Li et al. (2017) found that
guano deposition increased soil nutrients, especially phosphorus, the
excessive input of phosphorus significantly reduced microbial decom-
position of organic matter in the central area. Li et al. (2017) also found
that the standing vegetation had a more complex community structure
and produced more litterfall in the middle area than in the center or
edge areas, such that organic matter input was highest in the middle

area.
The similarity in the species composition of the aboveground ve-

getation and the soil seed bank increased from the center area to the
edge area (Fig. 1). Perhaps seabird guano deposition and light-limited
germination of seeds explain the low similarity between vegetation and
seed banks in the center area (Irick et al., 2015). Whereas the standing
vegetation in the central area was poorly represented in its soil seed
bank, the standing vegetation and seed bank contained similar species
in the middle and edge areas. Perennial herbaceous species were found
in both aboveground vegetation and seed bank in the middle and edge
areas, which contributed to strong correlations with above-ground

Table 1
One-way ANOVAs and multiple comparisons for soil physicochemical characteristics in two seasons and the three areas of the coral island. Values are mean ± SE;
n = 75 for each combination of season and area. Nov. = November, Apr. = April.

Month Area pH Salinity (%) Organic matter (g·kg−1) Total nitrogen (g·kg−1) Total phosphorus (g·kg−1) Available phosphorus (g·kg−1)

Nov. center 8.09 ± 0.15 6.64 ± 1.56a 9.97 ± 1.99ab 19.33 ± 3.87a 99.24 ± 10.77a 4.51 ± 0.79a
middle 8.22 ± 0.17 12.3 ± 0.09b 39.86 ± 33.59a 11.80 ± 7.89a 13.11 ± 11.96b 3.61 ± 2.32a
edge 8.18 ± 0.22 7.3 ± 0.15a 3.01 ± 2.22b 0.08 ± 0.04b 1.56 ± 1.00c 1.38 ± 0.91b

Apr. center 8.04 ± 0.14 6.16 ± 0.02a 11.59 ± 3.05ab 19.52 ± 4.39a 99.93 ± 12.16a 4.63 ± 0.74a
middle 8.19 ± 0.14 14.2 ± 0.09b 32.89 ± 30.73a 13.60 ± 8.50a 14.61 ± 12.28b 3.57 ± 2.47a
edge 8.24 ± 0.21 6.92 ± 0.14a 2.39 ± 1.81b 0.09 ± 0.04b 2.01 ± 1.22c 1.31 ± 0.84b

Fig. 3. Redundancy analysis (RDA) of the correlation between environmental factors and the species richness of the aboveground vegetation (a and c) and of the soil
seed bank (b and d) in three areas of the coral island in April and November.
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vegetation and seed bank. The seed banks of the island’s barren coastal
dunes contained an abundant mix of pioneer and early successional
plant propagules, which could potentially contribute to establishment
of endemic and rare pioneer species in the early succession stage of
coral island vegetation. In addition, the similarity between above-
ground vegetation and soil seed banks in terms of species composition
was significantly higher in November 2017 than in April 2018 in the
same area. This seasonal difference suggests that the soil seed banks
may be replenished in winter with new seeds from standing vegetation,
and that the seeds of some species in the soil seed bank may be lost to
germination or to herbivory in the summer (Yuan, 2011).

We found that the species richness of the aboveground vegetation
and the soil seed bank on the coral island was closely related to soil
properties and especially to soil nutrient levels. In the center area, the
species richness of the aboveground vegetation and soil seed bank was
positively correlated with the contents of SOM, TN, TP, and AP, but was
negatively correlated with soil pH (Fig. 2). In the central area, the
aboveground vegetation attracts seabirds, which deposit guano and
thereby input abundant nutrients to the soil (unpublished observation).
Plants in the center area also produced large amounts of litter that led
to more accumulation of organic matter (unpublished data). Unlike the
species richness of the aboveground vegetation and soil seed bank in
the center area of the island, the species richness of the aboveground
vegetation and soil seed bank in the edge area were negatively corre-
lated with SOM, TN, TP, and AP, and positively correlated with soil pH
(Fig. 2). These results indicate that the species in the edge area tolerate
high soil pH and low soil nutrients. The plants in the middle area live in
a mode moderate environment. We infer that the differences in the
relationships between aboveground vegetation, soil seed banks, and soil
environmental properties in the three areas on the island correspond
with the differences in species in the aboveground vegetation and soil
seed banks in the three areas.

The richness and abundance of plants in both the aboveground
vegetation and seed banks suggest that the spatial pattern of vegetation
may be maintained, at least in the near term, on the island. Climax
species in the center area may not have been represented in the soil
seed bank perhaps because their seeds do not undergo dormancy, while
pioneer species in the other areas may have been represented in the soil
seed banks because their seeds do undergo dormancy (Swaine and Hall
1988). We also infer that the restoration potential of the coral island
vegetation varies from the center to edge. The island center could
provide favorable habitats for some climax tree species, but regenera-
tion of those species is unlikely to involve the soil seed bank. In con-
trast, many endemic species that are resistant to drought and low nu-
trient conditions seem adapted to the island edge, and their
regeneration is likely to involve soil seed banks. It follows that man-
agement of the island’s vegetation should differ among the areas. Ve-
getation conservation in the center of the island is important because
the lack of seeds in the soil seed bank and the lack of vegetative pro-
pagation (unpublished observations) would restrict natural regenera-
tion and succession. In addition, the sand dunes on the edge of the
island could rely on seed banks to produce more plants that would
protect the coastal zone.
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