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Abstract: Competition and environmental stress are crucial factors for structuring plant population in natural habitats. Cyperus
arenarius, a sedge of coastal sand dunes habitat, is a suitable species for coastal restoration and dune stabilization, but how salinity and
plant density interact in affecting its growth is still unknown. Here, growth, survival, and physiological responses of C. arenarius to
salinity (sea-salt) and plant density were investigated. A set of growth experiments in which combinations of 4 salinity levels (0, 2, 4, and
6 S m™' sea-salt) and 3 planting densities (2, 5, 8 plants pot™') were tested under controlled greenhouse conditions. Plant biomass and
height were optimal in 2 S m™' sea-salt while biomass decreased considerably at 6 S m™'. The inhibitory effect of high salinity was more
severe in shoot dry mass relative to that of root dry mass, which resulted in increasing root/shoot dry mass ratio. Tissue succulence
declined while the accumulation of Na and Cl increased with the increment of salinity, especially in root. Plant nutrient (K*, Ca*" and
Mg?*) contents decreased under salinity. Plant height was more sensitive with increasing plant density than biomass. High plant density
(8 plants pot™) lowered tissue biomass and water content in non-saline conditions to the similar levels observed under the 6 S m™! sea-
salt salinity. Moreover, the combined effect of high salinity and increasing plant density had highly negative effects on plant growth

attributes and water relations than their individual effect.
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1. Introduction

Sand dunes are considered important elements in coastal
ecosystems, as they act as protective buffers against storm
surge, wave attack, and erosion of the hinterland, and
supply a singular habitat for flora and fauna (USACE,
2013). Moreover, the solidity of sand dunes directly links
with their level of vegetation cover. Plants that grow on
dunes play a pivotal role in dune stabilization, dissipate
storm wave energy, and help trap additional wind-blown
sediment, which successively lead to continual dune
growth. Vegetation of dunes is exposed to a variety of
environmental stresses, e.g., summer water shortage,
drought due to low water-holding capacity of sandy soils,
and continuous seawater spray (Alessio et al., 2004).

High salinity causes hyper-osmotic stress, ion (mostly
Na* and CI) toxicity and nutrient disequilibrium that also
produce other secondary effects (Flowers et al., 2015). In
general, dune plants mostly survive in high salinity by
avoidance or resistance strategies, while rarely depending
on tolerance strategies (Glenn and Nagler, 2005; Koyro et
al., 2005). Most perennial halophytes alter their response
at the organ and cellular levels to deal with the osmotic
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and ionic effects of salinity (Glenn and Nagler, 2005;
Koyro et al., 2005). Plants use readily available inorganic
ions (Na* and Cl in saline areas) to regulate water
potential and ensure sufficient water uptake), while they
reduce ion toxicity by salt exclusion, salt sequestration,
and salt secretion mechanisms (Flowers et al., 2015). In
saline areas, high extracellular Na* negatively affects K*
acquisition, while Ca** helps to reduce Na* entry into
cells while enhancing K*/Na* selective trans-membrane
transport (Shabala et al., 2010; Sun et al., 2010).

The decline in the number of individuals within
dune plant populations in the absence of salinity stress
is considered density-dependent mortality by Ungar
(1992). Moreover, intra-specific competition affects
biomass production, reproduction, survival, and growth,
particularly in environmental stress conditions (Yu et
al., 2019; Wang et al,, 2021). Decreases in growth and
fecundity have been observed for several halophytic
species growing at high densities (Wang et al., 2021).

Cyperus arenarius Retz. is a perennial (0.06-0.30 m in
plant height), rhizomatous sedge that covers sand dunes
of the Sindh sea-coast as a dominant species (Kukumen,
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2001). This sedge protects soil from wind erosion
and is grazed by animals. Furthermore, C. arenarius
is economically important as a source of essential-oil
components, Cyperene and cyperotundone (Feizbakhsh
et al., 2012). Because salinity and plant density can be a
major determinant of C. arenaulis in its natural habitat, this
research was designed to find out the ability of C. arenarius
to tolerate sea-water salinity under various levels of intra-
specific competition. The working hypothesis of this study
was as follows: 1) Increasing salinity inhibits growth, and
this effect was more pronounced with high plant density,
2) plant succulence compromised more with high plant
density than salinity, and 3) plants maintain nutrient
homeostasis under salinity. Therefore, C. arenarius exposed
with 0, 2, 4, and 6 S m™" of sea-salt along with 3 planting
densities (2, 5, 8 plants per pot) to observe the changes
in growth and eco-physiological responses. Cyperus
arenarius grows optimally at moderate salinity (2 S m™),
but growth inhibits severely due to combined effects of
high salinity (6 S m™) and high plant density rather than
their individual effects.

2. Materials and methods

2.1. Experimental design and salinity treatments

Seeds of C. arenarius were collected from a population
near the coast of Karachi (located at Gizri Creek, Karachi
along the Arabian Sea coast) and stored at 4 °C. Seeds
were germinated in plastic pots of 0.13 m in diameter
and 0.13 m in height (6.9x10~* m’ pot volume) and filled
with acid-washed beach sand. Plants were sub-irrigated
through holes present in the base of the pots by placing
them in the containers with an experimental solution of
corresponding salt concentrations. Thinning of seedlings is
done by removing extra plants from the pots at the second
leaf stage. As a result, three density treatments (2, 5 and
8 plants pot™) were then supplied with 2, 4, and 6 S m™'
sea-salt solutions fortified with nutrient solution (Popp
and Polania, 1989). Salinity concentrations were gradually
increased by 0.05 S m™ after every 12 h intervals (6 days
required to achieve the maximum salinity levels of 6 S
m™) to reduce the chances of osmotic shock. The solution
was replaced on a weekly basis, and the salinity level of
the culture solution was maintained through daily sub-
irrigation with tap water. Plants were grown for 2 months
(when the growth declined 50% under high salinity in
comparison with control conditions) in aforementioned
conditions before harvest.

2.2. Growth attributes and water relation

Growth parameters [root length, shoot length, fresh mass
(FM)] were recorded immediately after harvest. Tissue dry
mass (DM) was recorded after oven drying at 80 °C for 24
h. Leaf succulence on a DM basis was measured using the
equation proposed by Delf (1912): Succulence (g H,O g
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DM) = (FM - DM) / DM.

2.3. Cation and anion contents

Hot water extracts of plant samples were prepared with 0.5
g plant material boiled in 10 ml distilled water in sealed
test tubes for 2 h using a water bath at 90 °C (Shoukat
et al,, 2020). The extracts were cooled and filtered using
Whatman No. 1 filter paper. The dilutions were made with
deionized distilled water for ion analysis. Cations (Na*, K*,
Ca*, Mg*) and anion (Cl-) were measured by titration
techniques as reported in Vogel and Jeffery (1989). All data
were examined in at least four replicates.

2.4. Statistical analysis

Analysis of variance (ANOVA) was performed by SPSS
(version 16 for Windows; SPSS 2007) to determine:
the effects of sea-salt and plant density on growth and
physiological responses of C. arenarius at p < 0.05
significance level. A Bonferroni post-hoc test was used
to determine significant differences between treatment
means. Sigma Plot (ver. 12.5 for Windows, Systat Software,
San Jose, CA, USA) was used to construct graphs.

3. Results

Plant biomass (FM and DM) was increased in low salinity
(2 S m™), while the growth was inhibited (> 50%) in
high salinity (6 S m™) (Figure 1). High density (8 plants
pot™) decreased biomass (particularly DM) of both root
and shoot tissues (particularly shoots) under non-saline
and low (< 4 S m™) salinity levels (Figure 1). Moderate
density (5 plants pot™) resulted in a decline of only shoot
DW. Shoot FM and DM were substantially higher than
root tissue (Figure 1). The root to shoot DM ratio was
significantly increased by high plant density but unaffected
by salinity treatment (Figure 2). Plant height decreased ca.
35% at 6 Sm™. High density (5 and 8 plant pot™) decreased
plant height under non-saline and low salinity (< 4 Sm™)
conditions, but no difference was found at 6 S m™" (Figure
3). Succulence decreased with the increment of sea-salt
concentration irrespective of plant tissue type. In addition,
high plant density led to a decline in plant succulence
(Figure 4). Sodium and Cl content increased, while Ca*,
Mg** and K* decreased with incremental increases in sea-
salt concentration (Table).

4. Discussion

This is one of the first few studies on the salt tolerance of
sedges in relation with plant density. Approximately 50%
growth reduction occurred at 1.2 S m™ for Bouteloua
dactyloides, 2.6 S m™ for Cynodon dactylon and > 4.6 S m™
for Distichlis spicata (Wu and Lin, 1994; Marcum, 2002). In
the case of C. arenarius, biomass (both shoot and root) and
length were considerably increased at 2 S m™, while a 50%
growth declined at 6 S m™' of sea-salt. Shoot growth peaked
at 0.8 S m™ in Halopyrum mucronatum (Khan and Ungar,
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Figure 1. Fresh and dry mass (mg plant™) of shoot and root tissues of Cyperus arenarius raised at different sea-salt concentrations (0, 2,
4,6 Sm™) and plant densities (2, 5, 8 plants pot™ of 6.9x10* m volume). Values are means + SE. Significant differences in the Bonferroni
multiple comparisons between sea salt concentrations (p < 0.05) were shown by different uppercase and lowercase alphabets, and Greek

letters for 2, 5, and 8 plants-per-pot conditions, respectively. Asterisks (*** p < 0.001, * p < 0.05) indicate significant differences within

each sea salt concentration (among plant density treatments).
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and Greek letters for 2, 5, and 8 plants-per-pot

) indicate significant differences within each sea salt concentration (among
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Figure 2. Root to shoot ratio of Cyperus arenarius raised at different sea-salt concentrations (0, 2, 4, 6 S m™) and plant densities (2, 5, 8

plants pot™' 6.9x10* m volume). Values are means * SE. Significant differences in the Bonferroni multiple comparisons between sea salt
at high salinity (6 S m™), which could help in improved

Sporobolus ioclados (Gulzar et al., 2003; Adnan et al,, 2021).
Cyperus arenarius increased the root to shoot biomass ratio
water and mineral absorption while reducing water loss.

Seasalt (S m

concentrations (p < 0.05) were shown by different uppercase and lowercase alphabets,
conditions, respectively. Asterisks (*** p < 0.001, ** p < 0.01

plant density treatments).
1999) and at 2 S m™" in Aeluropus lagopoides (Gulzar et al.,

2003). In contrast, biomass was highest in fresh water and

the growth progressively declined with increases in salinity
for Desmostachya bipinnata , Urochondra setulosa, and
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Figure 3. Root and shoot length of Cyperus arenarius raised at different sea-salt concentrations (0, 2, 4, 6 S m™!) and plant densities (2,
5, 8 plants pot™ 6.9x10° m volume). Values are means + SE. Significant differences in the Bonferroni multiple comparisons between sea
salt concentrations (p < 0.05) were shown by different uppercase and lowercase alphabets, and Greek letters for 2, 5, and 8 plants-per-pot
conditions, respectively. Asterisks (*** p < 0.001, ** p < 0.01, * p < 0.05) indicate significant differences within each sea salt concentration
(among plant density treatments).

Intra-specific competition is a significant ecological factor Succulence substantially decreased during high
that determines population survival under saline conditions, salinity and high plant density. Among plant tissues, root
and it may influence survival, growth, and fecundity (Ungar, succulence was more affected than shoot tissue. In general,
1992; Zhang and Tielbérger, 2020). In the case of C. arenarius, decreased water percentage results in the reduction of
increased density had a negative effect on plant biomass and succulence in grasses under stress conditions (Glenn,
length, while an increase in the root to shoot ratio is probably 1987). In another case, 11 grasses were found to display
the result of competition for resources including water similar results (Marcum and Murdoch, 1990). Perennial
and nutrients as previously reported in another member grasses from Karachi, Pakistan were observed to show
of cyperaceae Bolboschoenus yagara (Yu et al,, 2019). The an irregular pattern of succulence. Succulence increased
growth of C. arenarius was limited due to increasing plant in Halophyrum mucronatum (Khan et al., 1999), while it
density irrespective of the presence of salinity stress, similar decreased with increased salinity in Urochondra setulosa,
results were also found in other halophytes Atriplex prostrata Sporobolus ioclados and Aeluropus lagopoides (Gulzar
(Wang et al., 2005) and Suaeda salsa (Wang et al., 2021). et al., 2003). The decrease in succulence with salinity
Such morphological plasticity in response to salt and high could be attributed to controlled ion accumulation in the
plant density could be a useful strategy for halophyte for photosynthetically active plant parts (Gulzar et al., 2003).
the survival under hard environmental seasons in natural Plants, especially grasses, possibly maintain their osmotic
fields (Wang et al,, 2021). In C. arenarius, planting density ~ balance in high salinity by reducing water in the tissues
was the main environmental factor that restricted growth rather than increasing ion content of the tissue (Glenn,
in comparison with salinity, as previously reported in the 1987). Plants reduce succulence during non-saline and
case of Suaeda salsa (Wang et al., 2021), which reflects plant high-density conditions, which represents the xerophytic
nature to successfully deal with the toxic ion (Na* and CI) nature/adaptation of C. arenarius for survival in the sand
but susceptible for water and nutrient limitation. Therefore, dune habitats. In addition, high density decreases leaf
the first hypothesis “increasing salinity inhibits growth and succulence of C. arenarius in the absence of salinity stress,
this effect is more pronounced with high plant density” is and such inhibition was comparable with plants grown at
accepted. 4 S m™' with low density. Therefore, our second hypothesis
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Figure 4. Succulence (mg H,O per plant tissue) of Cyperus arenarius raised at different sea-salt concentrations (0, 2, 4,6 S m™) and plant
densities (2, 5, 8 plants pot™ 6.9x10° m volume). Values are means + SE. Significant differences in the Bonferroni multiple comparisons
between sea salt concentrations (p < 0.05) were shown by different uppercase and lowercase alphabets, and Greek letters for 2, 5, and 8
plants-per-pot conditions, respectively. Asterisks (*** p < 0.001, ** p < 0.01, * p < 0.05) indicate significant differences within each sea
salt concentration (among plant density treatments).

Table 1. Ion content (i mol g”! DW; mean + SE) in shoot and root tissues of Cyperus arenarius grown at different sea-salt
concentrations. Different letters based on ANOVA-Bonferroni test represent significant (p < 0.05) differences of respective ions
between salinity treatments at each plant tissue.

Elsiﬁte (ngns"f;t Na* K+ Ca®* Mg cr Na'/K*
0 327 +43 ¢ 53+ 6a 133+3a 73+4a 500 +55¢ 6.16
Shoot 2 627 £13b 28+ 4b 77+3b 50+3b 867 £ 66 b 22.39
4 787 13 a 24+ 5b 60+4b 37+2c 1000 £ 69 a 32.79
6 120+ 40d 27+ 2b 40+2c 27+3c 1109+ 70 a 4.44
0 400 £ 46 ¢ 67+13a 87+3a 63+3a 620+ 34 ¢ 5.97
Root 2 667 £ 13b 53+13b 63+3b 40+6b 806 +43b 12.58
4 853 +53a 29+ 2c¢ 53+ 6bc 30 +5bc 900 +45b 29.41
6 747 + 26 ab 20+ 3¢ 43+3c¢c 27+6¢ 1203 +49a 37.35
“succulence compromised more with high plant density both salt-excluding and salt-accumulating strategies
than salinity” is also accepted. to protect above-ground plant tissue from ion-toxicity
In C. arenarius, a substantial increase in Na' and and dehydration, respectively. Moreover, the increase in
Cl" content was found with increased salinity in both Na* content was lower than Cl content, which may help
roots and shoots, which suggested that C. arenarius uses the plant to reduce ionic damage, as it was previously
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reported that Na*is a more toxic element than Cl in most
plant species (Maathuis et al., 2014; Wege et al., 2017).
However, nutrient (K*, Ca*, and Mg*") content decreased
in C. arenarius with increases in salinity, similar to other
grasses like Cynodon dactylon, Zoysia japonica, and Zoysia
matrella (Uddin et al., 2012). The imbalanced nutrient
homeostasis is probably the result of high influx and
uptake of mainly available ions (Na* and CI  in the case of
salinity). The increasing trend of Na*/K* is due to high Na*
and low K* influx. Glenn (1987) studied the growth of 14
grasses and reported that in response to salt stress, sodium
levels increased while potassium decreased. Therefore, the
third hypothesis of this study “plants maintain nutrient
homeostasis under salinity” is rejected.

In conclusion, C. arenarius is a eu-halophyte that
grows optimally in moderate salinity (equal to 200 mmol
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