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ABSTRACT

The adaptive capacity of psammophytes to sand burial is crucial for the ecological restoration of
coastal dune systems. The responses of Spinifex littoreus to different sand burial depths and levels
were examined on the coast of Pingtan Island, Fujian Province, South China. The results indicated
that, compared with the control group (CG), sand burial on the S. littoreus stolons had no significant
impact on the vertical growth of its conjoint ramets. However, the horizontal growth of S. littoreus Spinifex littoreus; responses;
stolons was stimulated and significantly increased in half-intense (HI) and complete-intense (Cl) adventitious roots; Pingtan
sand burial treatments by 24.56% and 40.79%, respectively. Throughout the experiment, about Island

96% of adventitious roots were observed on the base section of stolons, while no roots in the
control group (CG). After 20-day artificial sand burial treatments, the dry weight ratio between
stem and leaf of S. littoreus was decreased in all three sections of stolons, especially for the top
sections. Overall, S. littoreus can adapt to the complete and intense sand burial in growing season
by rapid growth of stolons, abundant production of adventitious roots on the stolon base, and
more germination of leaves on the stolon top.
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RESUME

La capacité adaptative des psammophytes a I'ensablement est cruciale pour la restauration
écologique des systémes dunaires. Les réponses de Spinifex littoreus a différentes profondeurs
et différents niveaux d’ensablement ont été étudiées sur la céte de I'lle de Pingtan (Fujian,
Chine). Les résultats montrent que, comparativement au groupe contréle, I'ensablement des
stolons de S. littoreus n'a pas eu d’effet significatif sur la croissance des ramets. Toutefois, la
croissance horizontale des stolons de S. littoreus a été stimulée et a augmenté significative-
ment dans les traitements d’ensablement semi-intense et completement intense, par 24,56%
et 40,79%, respectivement. Durant |'expérience, environ 96% des racines adventives ont été
observées a la base des stolons, tandis qu’aucune racine n'a été observée dans le groupe
controle. Aprés un traitement d’ensablement artificiel de 20 jours, le rapport du poids sec
entre les tiges et les feuilles de S. littoreus a diminué dans les trois sections des stolons,
surtout celle du haut. En regle générale, S. littoreus peut s’adapter a un ensablement complet
et intense durant la saison de croissance par la croissance rapide des stolons, la production
abondante de racines adventives a la base des stolons et la production de plus de feuilles
dans la partie supérieure des stolons.

Introduction

Coastal sand dunes can provide multiple ecological ser-
vices and play an important role in the sustainable
development of coastal areas with rising sea levels, sur-
face subsidence and coastal hazards (Martinez et al.
2004; De Battisti and Griffin 2020). Recently, due to the
influence from both climate change and anthropogenic
activities, many coastal sand dunes have been modified
or destroyed, and this can, or has potentially led to the
retreat of coastlines, disappearance of habitats, loss of

biodiversity, and severe degradation of ecosystem func-
tions in coastal sand dunes (Feagin et al. 2005; Schlacher
et al. 2011; Qu et al. 2017). With the rapid development
of the economy in China, most coastal sand dunes were
eradicated due to real estate and infrastructure develop-
ment and tourism activities. Almost no well-preserved
coastal sand dunes are left, which apart from the loss of
ecological functions and habitats, may ultimately result
in coastal erosion and loss of life, property and economy
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(Yang et al. 2017). Hard engineering structures have
been proven to be costly and detrimental for the protec-
tion of coastal regions, so it is important to select natural
and environment-friendly methods for both the protec-
tion and restoration of the remaining coastal dune sys-
tems (Hanley et al. 2014).

Psammophytes can build and stabilize coastal sand
dunes, which will favor the restoration of their ecological
functions due to specific adaptive strategies (Yuan et al.
1993; Brown and Zinnert 2018; De Battisti and Griffin
2020). However, only a few species can survive in these
ecosystems due to environmental stresses such as
drought, salt spray, strong winds, and especially the
frequent and intensive sand burial (Maun and Lapierre
1986; Hesp 1991; Maun 1994; Du and Hesp 2020). Sand
burial is commonly considered as the selective force for
coastal plant regeneration and survival (Moreno-
Casasola 1986; Maun 1994), as it can decrease and
even eliminate psammophytes if the level of sand burial
exceeds their tolerance capacity, ultimately altering spe-
cies composition in coastal dune systems (Maun and
Perumal 1999; Miller 2015).

The tolerance capacity of species to different sand
burial levels varies greatly, affecting initial and subse-
quent coastal dune development and morphology
(Hesp 1989). Generally, psammophyte growth can be
stimulated by low to moderate sand burial (Zhou et al.
2015b; Harris et al. 2017; Brown and Zinnert 2018; Wang
et al. 2019), while intensive sand burial will decrease
plant biomass and survival (Maun 1996; Franks and
Peterson 2003). Wang and Wang (2005) demonstrated
that both stem height in the vertical direction and leaf
weight of Messerschmidia sibirica increased with light
sand burial, while they decreased with moderate treat-
ments. In addition, Zhou et al. (2015a) showed that the
growth of Artemisia desterorum was enhanced by mod-
erate sand burial, but inhibited by intense sand burial.

Elongation of stolons, upward growth of ramets, and
development of adventitious roots are the main adap-
tive strategies of plants to sand burial, potentially alter-
ing the biomass allocation of psammophytes in coastal
sand dunes (Dech and Maun 2006; Frosini et al. 2012;
Mendoza-Gonzéalez et al. 2014; Brown and Zinnert
2018).

Spinifex littoreus, a herbaceous plant, is the domi-
nant species in coastal foredunes in South China. It
often grows vigorously in the more dynamic fore-
dune, while it declines in the more stabilized back-
dunes, similarly to its Australian and NZ cousins
S. hirsutus and S. sericeus (Hesp 1989). Its peak growth
occurs in summer, with two growth forms, including
elongation of horizontal stolons and upward growth
of vertical ramets, which sprout out from the same
vegetative reproduction, and usually can be recog-
nized as the same ramets (Jackson et al. 1985). The
leaf apex of S. littoreus is very sharp and hard, which
makes it difficult to be intruded, and is usually recog-
nized as one of the good species for sand dune
fixation in the region (Yang et al. 2017). Typhoons
often occur in the growing season in South China,
causing severe sand burial of S. littoreus, particularly
its stolons on nebkhas (a sand dune that forms
around vegetation) forming the foredune zone
(Yang et al. 2017) (Figure 1). However, the tolerance
capacity of this species to sand burial is still unclear,
and so is the processes leading to its revitalization
after sand burial caused by frequent typhoon events
in the growing season. Furthermore, the local govern-
ment has planted an invasive species (Casuarinas
equisetifolia) to stabilize nebkhas originally formed
by S. littoreus, which caused severe damage to the
native species and will inevitably increase the fragility
of coastal dune ecosystems in the region (Figure 1).
Therefore, understanding the adaptive strategies of

Figure 1. Left: Intensive sand burial on the Spinifex littoreus nebkhas on Pingtan Island after typhoon Soudelor (1513) landed in Putian
City, Fujian Province, China in August, 2015. Right: The nebkhas formed by Spinifex littoreus were stabilized by planting seedlings of an
invasive species (Casuarinas equisetifolia) on Pingtan Island, Fujian Province, China.



S. littoreus to sand burial and its role in the stabiliza-
tion of coastal sand dunes are crucial for effective
coastal dune management and conservation in
South China.

In this study, we assume that the growth of S. littoreus
can be facilitated by increased sand burial, which is
probably the key factor for this native plant to adapt to
the intense sand burial caused by frequent typhoon
events in the growing season. We measured the vertical
height of ramets, horizontal length of stolons, and bio-
mass allocation of adventitious roots, stems and leaves
on stolons of S. littoreus under different simulated sand
burial levels in a field experiment during a growing sea-
son on Pingtan Island, Fujian Province, South China.

Material and methods
Study area

Pingtan Island is located on the eastern coast of Fujian
province, South China, with a sub-humid and oceanic
monsoon climate. The study area is situated in the
southeast of Pingtan Island (25° 26’ 36" — 25° 26’ 48" N,
119°46' 09" — 119° 46’ 21" E), and is usually regarded as
the most well-preserved coastal sand dunes in China
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temperature is 19.5 °C, and precipitation is 1151 mm.
Monsoons are the dominant wind in the area, SE in the
summer and NE in the winter, with an annual average
wind speed of 6.9 m/s. A total of 106 typhoons made
landfall on Pingtan Island from 1981 to 2019, average
2.65 times per year, mainly from July to September.
Maximum wind speed can be up to 32.7 m/s, ultimately
leading to severe sand burial of psammophytes. Soil is
mainly composed of medium to fine sand, with well-
sorted grains. Sediments are transported by the wind
and intercepted by the ramets and stolons of S. littoreus,
and a discrete dune mound or hummock is usually
formed by aeolian sand deposition within an isolated
plant or group of plants (Hesp and Smyth 2019), ulti-
mately developing into a 300 m wide nebkha dominated
foredune zone (Figure 1). S. littoreus is the dominant
species in the study area and auxiliary plants include
Oenothera drummondii, Cynodon dactylon, Pluchea pter-
opoda, and Sesuvium portulacastrum (Yang et al. 2017).

Methods

Field experiments were carried out in July 2016, in
Tannan bay, Pingtan Island (Figure 2). One study belt

(Figure 2) (Yang et al. 2017). Annual average not affected by animals, pollutants or human activities
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Figure 2. Schematic view of the field experiment.
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was selected in the center of the coastal sand dunes.
Considering most of the S. littoreus were distributed on
the windward slope of nebkhas in mobile dunes belt, 35
healthy plants with uniform size were selected on this
slope. All the observed plants could be well distin-
guished from surrounding plants, the height of vertical
ramets and the length of stolons were all similar with
each other before the burial treatments. Stolons of
S. littoreus on the windward slopes were selected and
labeled with a red cord at points 1/3 and 2/3 of the
length from the stolon base to the stolon top. All plant
species around the selected plants were manually
cleared, and wooden frames 20 cm in height (similar to
the height of stolons) were set around the selected
plants. Later, all the observed plants were fixed with
a label, and their serial numbers were recorded on the
labels and wooden baffles to facilitate later, periodic
measurements. The few adventitious roots present on
the stolons of the observed plants were completely
eliminated, the height of vertical ramets and length of
stolons were measured separately before the experi-
ment began. Later, all the plants were artificially buried
with nearby sand (Figure 3, Table 1), while control
groups (CG) were unburied throughout the experiment.

Since vertical ramets of S. littoreus are relatively high,
it is unlikely for them to be completely buried in a single
typhoon event (Figure 1). Thus, in the treated S. littoreus,
only the stolons were buried at different depths and
levels (Figure 3; Table 1). Moreover, some adventitious
roots on the stolons of selected plants were observed
only a few days after treatments, so the growth para-
meters of plants were dynamically investigated 5, 9, 13,
17, 20 days after the sand burial to investigate the

»
>

WSt Jue[d

Total length of the stolon

response of S. littoreus to severe sand burial over
a short time scale.

During the measurements, the sand burying the
plants was carefully removed to one side in a wooden
baffle, and the height of the vertical ramets, the length
of the stolons and adventitious roots were all measured
with a tape. Considering the uncovering and recovering
of sand might affect the gravity signal of plants to sand
burial, we finished our measurements in a very short
time period (usually 3-5 minutes compared with days
of interval) to minimize the potential disturbance, and
recovered the plants to the previous sand burial level
with the same sand. When the experiments were fin-
ished, both above- and belowground plant biomass
were collected and separated according to the label on
the stolons. Then, all the samples were taken back to the
laboratory, and the roots, stems and leaves were sepa-
rated from the stolons, dried in the oven at 65 °C for
about 24 h until the weight was constant, and then
weighed with an analytical balance (accuracy: 0.0001 g).

All the data were calculated as averages of all replica-
tions with standard error as a measurement of variability.
The results were analysed with Python3 and package
Pingouin (Vallat 2018). For each observed variable, we

Table 1. Sand burial treatments.

Treatment Burial depth Burial level
CG No sand burial No sand burial
HL Half Light

HM Half Moderate

HI Half Intense

CL Complete Light

™M Complete Moderate

cl Complete Intense

The middle

‘Wooden baffle ~ AN (Thehap Thetop Wooden baffle
J\T‘ 4“ 1/3 of the stolon, marked ~ 2/3 of the stolon, marked Complete sand
\N ¥ with a red cord with a red cord p burial
e é’—- e Half sand burial
P o — _— Y \

[4— Light sand burial —>‘

{¢——— Moderate sand burial ———p
'——— Intense sand burial

Figure 3. Schematic view of the sand burial treatments.
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Figure 4. Difference in ramets height growth (left) and horizontal stolons (right) between control group (CG) and different sand burial
treatments. The blue dots refer to negative differences (less than CG) while the red dots refer to positive differences (more than CG).
The filled dots show statistically significant differences (P < 0.05) and the size of the dots denotes the size of the difference.
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Figure 5. Growth process of horizontal stolons with half-intense (HI) group and complete-intense (Cl) group plants. Upper left: Growth
of horizontal stolons’ length of the HI group, compared with the control group (CG). Upper right: Growth of horizontal stolons’ length
of the Cl group, compared with the control group (CG). Lower left: growth of different sections of horizontal stolons’ length of the HI
group. Lower right: growth of different sections of horizontal stolons’ length of the Cl group.
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used repeated measure ANOVA to test for significant
effects of the experimental treatments (P < 0.05).

Results

Influence of sand burial on the growths of
S. littoreus

After a 20-day sand burial experiment, ramet height
of S. littoreus did not show any significant difference
compared with the control group (CG). However,
there were significant effects on the growth of hor-
izontal stolons in both the half-intense sand burial
(HI) and the complete-intense sand burial (Cl) treat-
ments, particularly the latter (Figure 4). Specifically,
the significant effect of sand burial on stolon growth
was first observed at 9 days in the Cl treatments,
while it was delayed at 13 days in the HI treatments
(P < 0.05). Moreover, the growth of horizontal stolons
was more enhanced by sand burial in the Cl treat-
ment than in the HI treatment, with stolon length
increased by 40.79% in the Cl treatment vs. 24.56%
in the HI treatment after 20-day sand burial (Figure
5). Based on these results, stolon length in the top
section increased continuously from 22.09% to
46.48% and from 25.53 to 50.20% in the HI and CI
treatments, respectively.

Influence of sand burial on the biomass allocation
of S. littoreus

The production of adventitious roots was promoted in most
of the sand burial treatments, both in total length and
number of roots. The highest increase was observed in the
HM treatment where average root length was 5.1 cm and
average root number was 2, while no adventitious roots
were observed in the CG treatments (Figure 6). Adventitious
roots were mainly found at the base section of stolons
(96%), few (4%) were found in the middle section, and
none were found in the top section (Figure 6). The dry

weight ratio between stems and leaves of S. littoreus
decreased under most sand burial treatments compared
with the CG, and varied in different stolons sections. More
biomass was allocated to leaves, particularly in the top
section of the stolons (Figure 7).

Discussion
Responses of S. littoreus to severe sand burial

Sand burial can reduce the photosynthetic area of spe-
cies, hence inhibiting plant performance in coastal sand
dunes (Hesp 1991; Brown and Zinnert 2018). Species that
withstand sand burial can recover rapidly by elongating
internodes in vertical shoots to overcome this physical
barrier (Frosini et al. 2012; Keijsers et al. 2016; Qu et al.
2017; Enriquez et al. 2019). However, this is inconsistent
with our study, as we showed that none of the sand
burial treatments had a significant effect on vertical
growth of ramets on the nebkhas. This is probably due
to the growth characteristics of S. littoreus, which dis-
plays both vertical and horizontal extension. The height
of its ramets ranging from 40 to 60 cm, it is virtually
impossible to bury the entire vertical ramets during
a single typhoon event (Yang et al. 2017). For plants on
the windward slopes, some unburied leaves are
expected to provide photosynthetic substance to sus-
tain the continuous growth of S. littoreus even when
severe burial occurred (Figure 1).

Consequently, rapid ramet height growth in S. littoreus is
not considered as the priority to escape sand burial, but it
tends to increase stolon length due to its vulnerability to be
buried in a typhoon event, which may contribute to the
absence of a significant effect of artificial sand burial on
ramet height in our experiment (Maun 1994). Our field
investigation further showed that the maximum length of
S. littoreus stolons could be up to 2-3 m, which was about to
4-6 times its ramet height (Figure 8). This is in agreement
with Woodhouse et al. (1977), who reported that Uniola
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paniculata tended to grow upward rather than seaward,
while Ammophila breviligulata preferred to colonize seaward
beach surfaces by rhizome growth, which may explain the
wider distribution of the latter in intensive sand burial
environments.

Extensive colonization of horizontal stolons after sand
burial will increase the plants’ capacity to access water
and nutrients, which is especially critical for the

establishment of plants in a resource-poor environment,
such as coastal sand dunes, and further enhance their
growth as the dominant species on coastal sand dunes
(Mendoza-Gonzélez et al. 2014; Divyasree and Raju
2019). Our results indicate that all sand burial treatments
significantly promoted stolon growth, and complete
sand burial had a more obvious influence than half
sand burial. Species usually stimulate their growth

AN
e

Figure 8. Stolon length of S. littoreus on nebkhas in the developmental period (left) and the stabilized period (right). Photo taken on

Pingtan Island.
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according to a gravity stress signal (Zhou et al. 2015b),
and increase their node number and internode length to
escape this physical barrier (Maun 1996). The gravity
stress signal in complete sand burial was usually stron-
ger than in half sand burial (Wang and Wang 2005). We
found that the tall ramets of S. littoreus could intercept
sand, while stolons were buried at different levels on
nebkhas. The stolon length of S. littoreus on nebkhas in
the developmental period was much longer than in the
stabilized period, which can be attributed to more
dynamic sand movement in the former (Figure 8).
Production of adventitious roots on the stolons will
enhance the capacity of plants to use limited soil water
and nutrition, and change the biomass and growth
rhythms of plants (Martinez and Maun 1999; Dech and
Maun 2006). Our results indicate that adventitious roots
were produced on S. littoreus stolons in most of the sand
burial treatments, both total length and number of roots
were increased compared with the CG treatments, which
will facilitate their revitalization from sand burial caused
by typhoon events. More adventitious roots were allo-
cated to the stolon base after sand burial. Generally,
sand depth is higher at the stolon base than other stolon
sections, which increases the capacity for root growth,
thus improving access to soil water and nutrients (Yuan
et al. 1993). Moreover, S. littoreus has a fibrous root
system, and adventitious roots are initially produced
from the primordium at the stolon node. However,
only the primordium at the stolon base can develop
well and finally break through the cuticular layer to
produce adventitious roots (Hochholdinger et al. 2004).
The top section of stolons is usually the least buried,
and more leaves emerging on stolon top will reduce the
risk of further sand burial, increase light capture for
photosynthesis and carbon gain (Yuan et al. 1993; Shi
et al. 2004; Brown and Zinnert 2018), and ensure enough
supply of carbohydrates for the plants to escape sand
burial. We found that a larger percentage of leaves was
observed on the top of stolons compared with other
stolon sections. Gilbert et al. (2008) also demonstrated

that sand burial could increase leaf area in mobile dune
species, hence fully or partially replacing the lost photo-
synthetic leaf area, so the shoot must elongate its stem
to keep newly produced leaves above the sand surface.
Consequently, in order to reduce the cost of stem tissue
production, stem tissue density is usually negative to the
maximal stem elongation rate (Frosini et al. 2012). We
also found that the extension rate was faster at stolon
top than other stolon sections, and it grew even faster as
the sand burial prolonged. Consequently, the dry bio-
mass ratio of stem to leaves showed a decreasing trend
from the stolon base to the stolon top of S. littoreus in all
sand burial treatments.

Significance of S. littoreus’ adaptation to sand
burial

The response of plants to sand burial is usually species-
specific, and plant growth will be enhanced under opti-
mal sand burial rate (Nolet et al. 2018). We found that
S. littoreus can adapt to the severe sand burial caused by
frequent typhoons in our study area, and will revitalize
later by increasing horizontal stolon length, producing
abundant adventitious roots at the stolon base and
allocating more biomass to leaves at the stolon apex
(Yuan et al. 1993). However, if the sand burial rate
exceeds some threshold, the growth of sand dune spe-
cies will be inhibited (Maun 1996; Shi et al. 2004). Our
field investigation showed that few S. littoreus can be
found on the leeward slope of nebkhas (Figure 9), which
can be attributed to excessive sand burial of both ramets
and stolons. The absence of photosynthesis area, com-
bined with continuous depletion of reserves stored in
the plants (Frosini et al. 2012), finally lead to the failure of
S. littoreus escape from excessive sand burial on the
leeward slope of nebkhas (Figure 9). Similarly, if the
sand burial rate is below the threshold, the species that
cannot withstand severe sand burial will co-occur with
those resistant to it. We found that low to moderate sand

%

Figure 9. Left: Leeward is the most severe sand-burial position where few plants can survive, including S. littoreus. Right: Swales are
much better habitats for plants because of little sand burial. However, S. littoreus cannot be dominant in this area because of heavy

competition. Photo taken on Pingtan Island.



burial treatments had no significant effect on stolon
extension of S. littoreus, hence not favoring access to
soil water and nutrients, and further weakening its posi-
tion as dominant species. This is consistent with our field
investigation, where Oenothera drummondii, an invasive
species widely distributed on stabilized dunes in South
China, more frequently co-occurred with S. littoreus on
nebkhas stabilized by C. equisetifolia (Figures 8 and 9).

We consider that the capacity of S. littoreus to
stabilize and build coastal sand dunes along the
coastline of South China has been underestimated
or neglected by the local government, and that
coastal managers should allow the regular input of
wind-blown sand towards this unique species (Nolet
et al. 2018), which can mitigate the loss from coastal
hazards in this region. The nebkhas formed by
S. littoreus should be kept dynamic rather than stabi-
lized by planting invasive species such as
C. equisetifolia. Otherwise, the risk of species invasion
(e.g., O. drummondii) will be higher on coastal sand
dunes. Consequently, the native and highly adaptive
S. littoreus will gradually be replaced and eradicated,
and the degradation of coastal dune systems will be
aggravated.

Conclusion

None of the sand burial treatments in our study had
a significant impact on ramet height of S. littoreus.
However, compared with the control group, sand
burial significantly enhanced stolon extension of
S. littoreus under half-intense and complete-intense
treatments by 24.56% and 40.79%, respectively.
Sand burial also stimulated the production of adven-
titious roots, mainly at stolon base, and enhanced the
germination of leaves at the stolon top. S. littoreus
can adapt to severe sand burial during the growing
season; it can thus be considered one of the optimal
species for stabilizing and building coastal sand
dunes in South China.
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