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Abstract

Functional properties of coastal halophytes are important for development of salt-tolerant
cash crop cultures. The study of salt tolerance in coastal dune-building grass Leymus
arenarius holds significant importance for its application in land reclamation, soil stabi-
lization, and enhancing crop resilience to salinity stress. We used two accessions (LA1
and LA2) of L. arenarius to compare effects of salinity caused by NaCl and NaNOj; on
growth, ion accumulation and mineral nutrition in controlled conditions. L. arenarius plants
exhibited high tolerance to sodium salts, with distinct effects on growth and development
observed between chloride and nitrate treatments. While both salts negatively impacted
root biomass, nitrate treatment (50-100 mmol L™1) increased leaf number and biomass in
LA2 plants, whereas chloride treatment decreased tiller and leaf sheath biomass. Despite
individual variations, salinity treatments showed comparable effects on traits like tiller
and leaf count, as well as leaf blade and sheath biomass. Salinity increased water content
in leaf blades, sheaths, and roots, with LA2 plants showing the most pronounced effects.
Chlorophyll a fluorescence measurements indicated a positive impact of NaNOj treatment
on photosynthesis at intermediate salt concentrations, but a decrease at high salinity, partic-
ularly in LA2 plants. The accumulation capacity for Na* in nitrate-treated plants reached
30 and 20 g kg~ ! in leaves and roots, respectively. In contrast, the accumulation capacity in
chloride-treated plants was significantly lower, approximately 10 g kg~!, in both leaves
and roots. Both treatments increased nitrogen, phosphorus, and manganese concentrations
in leaves and roots, with varying effects on calcium, magnesium, iron, zinc, and copper
concentrations depending on the type of salt and tissue. These findings highlight the
potential of L. arenarius for restoring saline and nitrogen-contaminated environments and
position it as a valuable model for advancing research on salt tolerance mechanisms to
improve cereal crop resilience.

Keywords: chlorophyll a fluorescence; halophytes; ion accumulation; Leymus arenarius;
mineral nutrients; nitrogen; sodium

1. Introduction

Halophytes have garnered considerable scientific attention due to their potential
role in developing economically valuable crops for saline soils and in ecological land
reclamation efforts [1-3]. One of the research directions focuses on plant species specific
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to coastal regions, as there are numerous species exhibiting halophytic characteristics
among them [4]. In contrast to dicotyledonous halophyte species, the salt tolerance of
halophyte grasses has received less attention in scientific research [5,6]. The number of grass
species exhibiting a high degree of coastal specificity is relatively low [7]. Among the most
functionally intriguing species with relatively high specificity for coastal environments
are the dune-forming species Calamagrostis arenaria (syn. Ammophila arenaria) and Leymus
arenarius. These species are characterized by morphophysiological adaptations that enable
them to thrive in conditions of rapidly changing substrate levels [8]. Several species of
the genus Leymus are typical coastal dune-building grasses, as Leymus mollis in East Asia
and North America, and Leymus arenarius in Northern Europe [9]. In contrast, Leymus
chinensis is a distinctive species in temperate grasslands in China [10]. Salinity tolerance
of both coastal and inland accessions of L. arenarius from Iceland has been investigated in
controlled conditions [11]. However, no effects of salinity on ion accumulation and mineral
nutrition have been examined.

In grasses, salt tolerance has evolved more than 70 times, with 200 identified halophyte
species, but it remains an evolutionary labile trait in Poaceae [6]. Salt-tolerant grass species
are typically distinguished by the presence of a salt exclusion mechanism, which results
in enhanced tolerance in high-salinity environments [12]. Research conducted in wild
coastal habitats indicates that L. arenarius regulates the electrolyte levels of leaf tissue by
modulating the potassium ions concentration, while sodium ion levels remain relatively
low and stable [13]. In that study, the typical leaf Na* concentration for L. arenarius was
below the middle 50% values among all the analyzed coastal species. Consequently, it
can be hypothesized that the salt tolerance exhibited by L. arenarius is associated with the
accumulation of sodium in its roots, as observed in other halophytic grass species [14-16].

In addition to osmotic stress, direct ion toxicity and endogenous oxidative stress,
nutritional disorders are among the detrimental effects of salinity on plants [17-19]. Salinity
can influence nutrient availability in soil, disrupt nutrient transport mechanisms, or lead
to an elevated demand for specific elements [20]. In contrast, halophytes have evolved
physiological adaptations that enable them to adjust mineral nutrition to conditions of
high soil salinity, facilitating selective uptake of ions by the roots [20-22]. Halophytic
grasses serve as pivotal models for elucidating the intricate underlying mineral adaptation
to soil salinity, as this knowledge holds significant value in the breeding of salt-tolerant
cereals [16,23-25].

Numerous coastal beach species exhibit a specific association with the zones of sea
wrack accumulation [26], serving as a rich source of plant-available nitrogen and other
mineral nutrients. These species often possess nitrophilic characteristics, as they require
supplemental nitrogen for optimal growth. According to ecological indicator values for
Sweden, L. arenarius has realized niche value for salinity at the level 2 out of 5 (“moderately
salt tolerant, but preferring non-saline conditions”), with that for nitrogen being 6 out of
9 (“moderately—very N-rich”) [27]. In contrast, in Central European inland salt marshes, L.
arenarius are prevalent in relatively highly saline soils (with a maximum ECe of 118 dS m™1),
suggesting the species’ high salinity tolerance [28]. The nitrophilic nature of the species is
further evidenced by the observation that fertilizer treatments with nitrogen increased seed
yield of L. arenarius growing on Icelandic dunes [29].

The aim of this study was to compare effects of salinity caused by NaCl and NaNOj3
on growth, ion accumulation and mineral nutrition of L. arenarius plants of two accessions
in controlled conditions of a vegetation experiment. It was hypothesized that nitrate would
have a more favorable impact on plant growth compared to chloride. In addition, it was
especially asked whether the changes in mineral nutrition are caused by sodium or are
anion specific. Understanding how L. arenarius responds to different types of salinity
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stress and how this affects its growth, physiology, and nutrient dynamics can inform
both ecological restoration efforts and breeding programs aimed at enhancing tolerance in
cereal crops.

2. Materials and Methods
2.1. Seed Material and Plant Establishment

Mature seeds were collected in 2023 from Leymus arenarius plants on a sand non-
accumulating beach on the Island of Kihnu, Estonia (LA1), and moderately accumulating
dunes in Lielupe, Jarmala, Latvia (LA2) (Figure S1). The experiment was performed in
2024. The seeds were dried at room temperature for one month and subsequently kept at
4 °C until use. The experimental plant material was obtained and cultivated until the start
of the experiment according to the previously described protocol [8]. Briefly, seeds were
surface sterilized, imbibed in deionized water and were planted in a mixture of autoclaved
commercial garden soil (Biolan, Eura, Finland) and quartz sand (Saulkalne S, Saulkalne,
Latvia) in a ratio of 1:1 (v/v) on January 5. Containers were kept in a growth cabinet with a
thermoperiod of 15/20 °C (night/day) and a 12 h photoperiod.

At the stage of the second true leaf (13 February), seedlings were individually trans-
planted into 0.2 L plastic containers containing the same substrate as previously described
and placed in an experimental greenhouse with supplemental lighting (photon flux den-
sity of 380 pumol m~2 s~! of photosynthetically active radiation) with a 16 h photoperiod.
Day/night temperature was 23/15 °C, relative air humidity 60 to 70%. On March 12,
seedlings were planted in 2 L plastic containers (11.3 x 11.3 x 21.5 cm) filled with the same
substrate as described above.

Daily soil moisture monitoring was conducted using an HH2 moisture meter equipped
with a WET-2 sensor (Delta-T Devices, Burwell, UK). The soil moisture was maintained at
50-60% using deionized water. The plants were cultivated under conditions where mineral
supply was not growth-limiting, and regular supplementary fertilization was provided.
For fertilization, a stock solution (100 g L™~!) was prepared for Yara Tera Kristalon Red
and Yara Tera Calcinit fertilizers (Yara International, Oslo, Norway). The working solution
contained 25 mL of stock solution of each fertilizer per 10 L deionized water, which was
used weekly (50 mL per plant).

2.2. Salinity Treatment

Treatments with two sodium salts, NaCl and NaNOj, were started on March 21 and
performed twice a week, each time using an amount of salt per container to ensure
50 mmol L~! substrate. Five individual plants of each accession were used for each treat-
ment. The resulting final salt concentrations in individual treatments were 50, 100, 200, and
400 mmol L~ substrate. The treatment for 400 mmol L~! plants lasted until April 16. The
experiment was terminated after an additional 6 weeks.

2.3. Measurement of Chlorophyll a Fluorescence

Chlorophyll a fluorescence analysis was conducted on the two photosynthetically most
important (the longest) leaves of each individual plant (10 measurements per treatment
for each accession). The leaves were dark-adapted using designated clips for a minimum
of 20 min. Fast fluorescence induction and measurement was performed using a Handy
PEA fluorometer (Hansatech Instruments, King’s Lynn, UK). Fluorescence data analysis
was performed using PEA plus software (v. 3.11, Hansatech Instruments, King’s Lynn,
UK). The Performance Index Total was used to characterize photochemical efficiency
of photosynthesis. These parameters integrate information regarding the status of both
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photosystems and the electron flow between them on an absorption basis and can be used
as an indicator of plant vitality [30].

2.4. Termination of the Experiment and Nutrient Analysis

At the termination of the experiment, aboveground parts were separated into leaf
blades and leaf sheaths with stems. Belowground parts were carefully washed from any
substrate particles and separated into rhizomes and roots. The plant material was weighed
before and after drying in an oven at 60 °C until a constant mass was achieved. The water
content was calculated as g of H,O per g of dry mass.

Triplicate measurements of sodium, chloride, and mineral nutrients in leaf blades
were conducted on dried and mineralized samples, as previously described [31]. The
analysis was performed using a microwave plasma atomic emission spectrometer for
sodium, potassium, calcium, magnesium, iron, copper, zinc, and manganese. Phosphorus
was analyzed by colorimetry with ammonium molybdate using spectrophotometer, and
chloride was estimated by AgNOj titration.

2.5. Experimental System

The results were analyzed using KaleidaGraph software (v. 5.0.6, Synergy Software,
Reading, PA, USA). The statistical significance of differences was evaluated by one-way
ANOVA using the Tukey post hoc test with honestly significant difference (p < 0.05).
Principal component analysis and heat map generation were performed using ClustVis
(http:/ /biit.cs.ut.ee/clustvis/, accessed on 15 October 2025), a freely available web pro-
gram [32]. Hierarchical clusters were generated using the average linkage method with
correlation distance.

3. Results
3.1. Growth and Biomass Distribution

In general, both accessions of L. arenarius plants exhibited a high tolerance to the salts
used in the treatment (Figure 52). However, greater morphological distinctions appeared
in the latter phase of the experiment (Figure S3). No visual indications of toxicity on
plant parts were observed due to the influence of salinity. At the end of the experiment,
it was observed that treatment with different sodium salts (chloride and nitrate) yielded
distinct effects on both plant growth and development. The most pronounced difference
was observed in the number of tillers, which exhibited a steady decline with increasing
NaCl concentration. Conversely, there was a marked increase under the influence of
50 and 100 mmol L~! NaNO; (Figure 1A). Despite the observed regularities regarding the
increase in salt concentration, the effect was not significant in all individual concentration
treatments due to pronounced individual variations. A significant increase in leaf number
under the influence of NaNO3 was observed exclusively in LA2 plants (Figure 1B). Biomass
alterations in various plant parts demonstrated varying effects of salinity. Thus, leaf blade
dry mass increased under the influence of 50 mmol L~! NaNO; treatment, but only for
LA2 plants did these differences attain statistical significance (Figure 1C). In NaCl-treated
plants, leaf blade biomass exhibited a gradual decline with increasing salt concentration.
Regarding leaf sheaths, a significant difference was observed in their biomass between the
control plants of the different accessions (Figure 1D). Furthermore, with increasing salinity,
the mass of sheaths in both accessions decreased under the influence of NaCl. However,
NaNOj; treatment had different effects depending on the plant accession; at a 50 mmol L~!
treatment, sheath mass tended to increase exclusively for LA2 plants, but this effect was
not statistically significant.
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Figure 1. Number of tillers (A), number of leaves (B), dry biomass of leaf blades (C), dry biomass of
leaf sheaths (D), dry biomass of rhizomes (E), and dry biomass of roots (F) of Leymus arenarius plants
from different accessions (LA1 and LA2) under the effect of increasing concentration of NaCl and
NaNOs in substrate. Data are means + SE from five replicates. Different letters indicate statistically
significant differences according to the Tukey HSD test (p < 0.05).

The impact of salinity on rhizome biomass exhibited distinct patterns for LA1 and LA2
plants, albeit with limited statistical significance due to substantial individual variations
in rhizome size (Figure 1E). Consequently, control plants of LA1 had significantly lower
rhizome biomass compared to those of LA2 plants, while their biomass exhibited a tendency
to increase at 100 mM salinity for both salt types. Conversely, LA2 plants demonstrated a
decline in rhizome biomass as salinity increased for both salts. The effect of salinity on root
biomass was more unequivocal and exhibited a pronounced negative trend for both NaCl-
and NaNOs-treated plants of both accessions (Figure 1F).

The relative distribution of biomass across various plant parts with increasing salinity
showed consistent patterns for both plant accessions and the specific salt types (Figure 2).
Notably, the allocation to leaf blades increased, while that to roots and rhizomes decreased.
Overall, total plant mass changes did not reveal significant differences between the salt
types and plant accessions considering the background reduction in biomass with increas-
ing salinity (Figure 54).
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Figure 2. Relative distribution of dry biomass in different parts of Leymus arenarius plants from
different accessions ((A) LA1; (B) LA2) under the effect of increasing concentration of NaCl and
NaNOs in substrate. Data are means from five replicates.

The heat map and cluster analysis of morphological effects of salinity demonstrated no
distinct clustering of responses between salt types or plant accessions (Figure 3). However,
at the trait level, salinity treatments exhibited comparable effects, particularly on tiller
and leaf count. Similarly, leaf blade and sheath biomass exhibited similar alterations.
Additionally, there was some overlap in salinity-induced changes in rhizome and root
biomass. Principal component analysis facilitated the validation of the previously observed
concentration-dependent differences between the effects of chloride and nitrate at low and
medium concentrations (Figure 4).
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Figure 3. Generated heat map and cluster analysis on the effect of soil salinity on morphological pa-
rameters of Leymus arenarius plants from different accessions. Hierarchical clusters were generated by
average linkage method with correlation distance; color scale shows relative intensity of normalized
parameter values. LA1, accession 1; LA2, accession 2; RH DM, rhizome dry mass; R DM, root dry
mass; Tn, number of tillers; Ln, number of leaves; LL DM, leaf lamina dry mass; LS DM, leaf sheath
dry mass. The final salt concentrations in mmol L~ substrate are indicated by 50, 100, 200, 400.
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Figure 4. Principal component analysis on the effect of soil salinity on morphological parameters of
Leymus arenarius plants from different accessions. Prediction ellipses are such that with a probability
of 0.95, a new observation from the same group will fall inside the ellipse. Unit variance scaling
was applied to rows; singular value decomposition with imputation was used to calculate principal
components. X and Y axes show principal component 1 and principal component 2 which explain
77.7% and 12.2% of the total variance, respectively. LA1, accession 1; LA2, accession 2. The final salt
concentrations in mmol L~ substrate are indicated by 50, 100, 200, 400.

3.2. Physiological Parameters

A significant increase in water content was observed in leaf blades and sheaths at both
low and medium salt concentrations (Figure 5). The effect was particularly pronounced in
leaf sheaths of LA2 plants. Notably, water content did not decline below control levels even
in the highest salt treatments. Regarding root water content, significant differences were
observed between the plant accessions in the control group (Figure 5C). However, both
plant accessions exhibited a significant increase in root water content at both low and/or
medium salinity levels.

Potential alterations in the photochemical reactions of photosynthesis under the in-
fluence of salinity were only evaluated in plants shortly before the conclusion of the
experiment by measuring chlorophyll a fluorescence (Figure 5D). The results demonstrated
the positive impact of NaNOj3 treatment on Performance Index Total at intermediate salt
concentrations. However, at high salinity, this indicator exhibited a decrease, albeit only in
LA2 plants treated with 400 mmol L~! NaCl did it decrease significantly.

Heat map and cluster analysis of physiological parameter changes in response salinity
did not indicate any pronounced clustering based on salt type or plant accession (Figure 6).
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Figure 5. Water content in leaf blades (A), leaf sheaths (B), and roots (C), and chlorophyll a fluo-
rescence parameter Performance Index Total (D) in leaves of Leymus arenarius plants from different
accessions (LA1 and LA2) under the effect of increasing concentration of NaCl and NaNOj in sub-
strate. Data are means + SE from five replicates. Different letters indicate statistically significant
differences according to the Tukey HSD test (p < 0.05).
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Figure 6. Generated heat map and cluster analysis on effect of soil salinity on physiological parameters
of Leymus arenarius plants from different accessions. Hierarchical clusters were generated by average
linkage method with correlation distance; color scale shows relative intensity of normalized parameter
values. LA1, accession 1; LA2, accession 2; PI, chlorophyll a fluorescence parameter Performance
Index; H,O LB, water content in leaf blades; H>,O LS, water content in leaf sheath; H,O Rh, water
content in rhizome; H,O, water content in roots. 50, 100, 200, 400 indicate the final salt concentration

in mmol L~ substrate.
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3.3. Ion Accumulation and Mineral Nutrition

Sodium accumulation in leaf blades was significantly enhanced by nitrate treatment
compared to that in chloride-treated plants (Figure 7A). This effect was particularly pro-
nounced at high salinity. In the roots of NaCl-treated plants, sodium accumulation capacity
was comparable to that observed in leaf blades (Figure 7B). In contrast to chloride treatment,
nitrate-treated plants exhibited higher sodium accumulation in their roots, although this
level remained below that observed in leaf blades. Chloride accumulation capacity was
characteristically higher in leaf blades, particularly at moderate salinity levels (Figure 7C,D).
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Figure 7. Content of Na* in leaf blades (A) and roots (B), and content of C1~ in leaf blades (C) and
roots (D) of Leymus arenarius plants from different accessions (LA1 and LA2) under the effect of
increasing concentration of NaCl and NaNOj in substrate. Data are means + SE from three replicates.
Different letters indicate statistically significant differences according to the Tukey HSD test (p < 0.05).

Both leaf and root potassium contents were relatively unaffected by salinity (Figure 8A,B).
While there were some variations in potassium content between control plants from dif-
ferent accessions, these differences diminished with increasing salinity. Nitrate treatment
causally increased nitrogen content in both leaf blades and roots (Figure 8C,D). This ef-
fect was independent of exogenous nitrate concentration. However, NaCl treatment also
induced a salt concentration-dependent increase in nitrogen content in leaves and roots.
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Figure 8. Content of K* in leaf blades (A) and roots (B), and content of N in leaf blades (C) and roots
(D) of Leymus arenarius plants from different accessions (LA1 and LA2) under the effect of increasing
concentration of NaCl and NaNOj in substrate. Data are means + SE from three replicates. Different
letters indicate statistically significant differences according to the Tukey HSD test (p < 0.05).

Both leaf and root phosphorus content also increased due to the elevated substrate
salinity (Figure 9A,B). While the dependence of phosphorus increase on salt concentration
was less pronounced in leaves, it was significantly more pronounced in roots. In reference
to tissue calcium content, the impact of salinity exhibited ambiguity (Figure 9C,D). Notably,
only LA2 plants, subjected to NaNOj3 treatment, showed a pronounced elevation in leaf
calcium content (Figure 9C). Conversely, the increase in root calcium content was more pro-
nounced, and was exclusive only for LA1 plants in the case of NaCl treatment (Figure 9D).
Regarding tissue magnesium content, salt treatment manifested distinct effects on leaves
and roots, contingent on the type of anion (Figure 9E,F). Treatment with NaCl resulted in
a decline in magnesium content in leaves and an increase in magnesium content in roots.
Conversely, treatment with NaNOj; induced an increase in magnesium in leaves at low
salinity and an increase in root magnesium at high salinity.
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Figure 9. Content of P in leaf blades (A) and roots (B), content of Ca in leaf blades (C) and roots (D),
and content of Mg in leaf blades (E) and roots (F) of Leymus arenarius plants from different accessions
(LA1 and LA2) under the effect of increasing concentration of NaCl and NaNOj in substrate. Data
are means =+ SE from three replicates. Different letters indicate statistically significant differences
according to the Tukey HSD test (p < 0.05).

The effect of salinity on tissue iron content was comparable in leaf blades and roots,
with rapid increases at low NaNOj concentrations and gradual increases in NaCl-treated
plants (Figure 10A,B). In contrast, manganese content exhibited a linear increase in both
leaves and roots with increasing NaCl concentration in substrate, although the increase due
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to NaNOj3 concentration was less pronounced (Figure 10C,D). The effect of salinity on zinc
content was relatively minor in leaves (Figure 11A), while zinc content increased in roots
with increase in salinity (Figure 11B). Copper content also underwent changes in leaves
under salinity, but with slightly different patterns for both types of salts (Figure 11C). Nitrate
treatment resulted in the most significant increase at low salinity, while chloride treatment
resulted in a greater increase at high salinity. A consistent decrease in copper content was
observed in roots with increasing salinity, except for LA2 plants treated with nitrate, which
showed an increase in copper content in the 100 mmol L~! treatment (Figure 11D).
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Figure 10. Content of Fe in leaf blades (A) and roots (B), and content of Mn in leaf blades (C) and
roots (D) of Leymus arenarius plants from different accessions (LA1 and LA2) under the effect of
increasing concentration of NaCl and NaNOj in substrate. Data are means + SE from three replicates.
Different letters indicate statistically significant differences according to the Tukey HSD test (p < 0.05).

The generated heat map and cluster analysis confirmed the clustering of samples
based on the types of salts used. Notably, the effects of NaCl were distinctly divergent
from those of NaNOj3 on the mineral composition of leaves and roots (Figure 12). Cluster
analysis further revealed a correlation between alterations in the content of individual
minerals under the influence of salt. Three groups of relationships were observed, which
included (i) Fe (leaves and roots), N (leaves and roots), Ca (leaves and roots), Cu (roots) and
Mg (leaves); (ii) Mn (leaves and roots), Zn (roots), P (roots), Mg (roots), K (leaves and roots);
(iii) Cu, Zn, and P in leaves. Additionally, principal component analysis elucidated the
variations in mineral content under salinity in relation to the nature of the anion utilized
(Figure 13).
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Figure 11. Content of Zn in leaf blades (A) and roots (B), and content of Cu in leaf blades (C) and
roots (D) of Leymus arenarius plants from different accessions (LA1 and LA2) under the effect of
increasing concentration of NaCl and NaNOj in substrate. Data are means + SE from three replicates.
Different letters indicate statistically significant differences according to the Tukey HSD test (p < 0.05).
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Figure 12. Generated heat map and cluster analysis on effect of soil salinity on mineral nutrition pa-
rameters of Leymus arenarius plants from different accessions. Hierarchical clusters were generated by
average linkage method with correlation distance; color scale shows relative intensity of normalized
parameter values. LA1, accession 1; LA2, accession 2; MgL, Mg in leaves; CuR, Cu in roots; CaL, Ca
in leaves; CaR, Ca in roots; NL, N in leaves; FeL, Fe in leaves; FeR, Fe in roots; KL, K in leaves; KR, K
in roots; MgR, Mg in roots; PR, phosphorus in roots; ZnR, Zn in roots; MnL, Mn in leaves; MnR, Mn
in roots; PL, P in leaves; ZnL, Zn in leaves; CuL, Cu in leaves. The final salt concentrations in mmol
L~! substrate are indicated by 50, 100, 200, 400.
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Figure 13. Principal component analysis on the effect of soil salinity on mineral nutrition parameters
of Leymus arenarius plants from different accessions. Prediction ellipses are such that with a probability
of 0.95, a new observation from the same group will fall inside the ellipse. Unit variance scaling
was applied to rows; singular value decomposition with imputation was used to calculate principal
components. X and Y axes show principal component 1 and principal component 2 which explain
36.2% and 30.7% of the total variance, respectively. LA1, accession 1; LA2, accession 2. The final salt
concentrations in mmol L~! substrate are indicated by 50, 100, 200, 400.

4. Discussion

In the present study, the effect of two types of sodium salts, chloride and nitrate, on
the growth, biomass allocation and mineral nutrition of Leymus arenarius plants from two
different coastal sites of the Baltic Sea were compared. NaCl, the most prevalent form
of salt that causes salinity, is the subject of most salinity studies. However, it is evident
that sodium and chloride ions, individually, may produce distinct effects in the context of
salinity responses [33]. Notably, while chloride treatment leads to chlorophyll degradation,
resulting in a reduction in photosynthetic yield, sodium interferes with potassium and
calcium nutrition, disturbing stomatal regulation and consequently causing diminished
carbon fixation and growth. The original hypothesis that nitrate would have a more
favorable impact on plant growth compared to chloride was only partially fulfilled. Nitrate
had a growth stimulation effect on L. arenarius plants at low and moderate concentrations,
but the negative effect of nitrate at high concentration was similar to that of chloride.

Furthermore, several recent studies have demonstrated that the type of anion plays
a pivotal role in the impact of sodium salts on plant growth [34,35]. Consequently, the
generally negative effect of sodium on plant growth can be enhanced or diminished
depending on the metabolic fate of the anion within the plant. Alkaline sodium salts,
such as carbonates and bicarbonates, are generally considered more toxic compared to
chloride [36-38]. In contrast, it is plausible that the effect of NaNOj3 on plant growth could
be positive at low or even moderate concentrations, given that nitrate is the primary source
of nitrogen for plants [39]. This indicates that the variation in growth and mineral nutrition
is driven mainly by anion specificity rather than sodium per se. At high concentrations,
however, growth inhibition by both salts was similar, suggesting that sodium toxicity
becomes the dominant factor under severe salinity. A growth stimulation by NaNOj has
been observed in several halophyte species, including Salicornia europaea [40] and Sesuvium
portulacastrum [41]. In the case of nitrophilic plants, such as various wetland Rumex species
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and Ranunculus sceleratus, nitrates in the form of sodium salts do not exhibit detrimental
effects on plant growth, in comparison to sodium salts containing a different anion [34,42].

Despite its salt tolerance, the accumulation of ions in L. arenarius plants has not been
studied to date. However, L. arenarius was tested among other species to assess their poten-
tial to remove Cl~ from salt-polluted waters [43]. In this study, L. arenarius accumulated
approximately 300 mg Cl kg~! within 5 days in conditions of saline hydroponics, con-
firming its suitability for phytodesalination. In the present study, root Na* accumulation
potential of L. arenarius plants tended to be slightly higher in comparison to that in shoots
in NaCl-treated plants. Conversely, the opposite trend was observed for NaNOs-treated
plants (Figure 7A,B). However, accumulation potential for C1~ in NaCl-treated plants was
noticeably greater in leaves compared to roots (Figure 7C,D). Salt-excreting grasses exhib-
ited a higher concentration of Na* in roots in comparison to that in shoots, but relatively
similar Na* concentration in roots and shoots was found for non-excreting grasses [44].
This trend is generally consistent with the observations in this study with L. arenarius
plants. The differential accumulation of Na* and Cl~ between roots and leaves likely
reflects distinct physiological mechanisms [45-47]. Chloride, being highly mobile, is readily
translocated to leaves for osmotic adjustment and is actively sequestered into vacuoles via
chloride channels to prevent toxicity. Sodium, on the other hand, is more restricted; plants
deploy selective root-level exclusion and vacuolar compartmentalization mechanisms to
limit Na* buildup in photosynthetic tissues. Therefore, it is plausible that the sequestration
and storage of Na* and Cl~ involve distinct low molecular weight ligands, as evidenced in
the homeostasis of various metals [48,49].

In terms of absolute values, Na* concentration in leaf blades reached 30 g kg ™!
(Figure 7A) with comparable levels of that for K* (approximately 25 g kg ~!; Figure 8A). In
contrast, in natural conditions growing in saline coastal soils, leaves of L. arenarius plants
accumulated relatively low levels of Na* (mean value 4.1 g kg’l), with noticeably higher
levels for K* (mean value 22.4 g kg’l) [13]. Since the plants in this study were grown under
optimal mineral supply conditions, which is not always the case in natural conditions,
it appears that mineral supply is critical in increasing the potential for Na accumulation.
Importantly, increased nitrogen application in the NaNOj3 treatment also resulted in a
significant increase in Na accumulation.

The detrimental effects of salinity are frequently linked to the adverse consequences
of ballast ion (sodium and chloride) accumulation on mineral nutrition, both at the level of
mineral uptake and metabolism. For instance, chloride is regarded as an inhibitor of nitrate
uptake, as it utilizes the same anion channels as nitrate [50]. Antagonism between chloride
and nitrate is associated with chloride competition for transporter systems involved in
nitrate uptake or with a direct inhibitory effect on nitrate transporters [51]. However,
it is argued that the selectivity for nitrate for these transporters is superior to that for
chloride [52]. In the present study, there was no negative impact of chloride salinity on
nitrogen accumulation in leaf and root tissues of L. arenarius (Figure 13). Instead, nitrogen
accumulation was significantly stimulated by an increasing concentration of substrate NaCl
in both leaf blades and roots.

In addition, negative effects of salinity on mineral nutrition have been associated
with competition between sodium and potassium, primarily at the level of uptake in
root cells [53]. The potassium content in L. arenarius did not decrease under chloride and
nitrate salinity because this species exhibits strong ion homeostasis and selective uptake
mechanisms. This is achieved through efficient K* transporters and active exclusion of
Na* at the root level, preventing displacement of K* from cytosolic sites [46]. Additionally,
chloride and nitrate ions do not directly compete with K* for uptake channels, and the
plant’s osmotic adjustment relies on accumulating compatible solutes rather than sacrificing
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essential cations like K* [54]. Therefore, K* levels remain stable to support enzyme activity
and stomatal regulation under stress.

Also, sodium competition with uptake of magnesium has been noted [20], leading
to salinity-dependent nutrient deficiency. Notably, magnesium was the only element
exhibiting a decrease in leaf concentration in conditions of NaCl salinity (Figure 9E).
However, the decrease itself was not NaCl concentration dependent. Furthermore, the
lowest concentration of manganese, 1 g kg™! (0.1%), represents an optimal value for
manganese for a majority of grass species [55]. For a halophytic rhizome-forming grass
species, Sporobolus virginicus, 300 and 450 mM salinity in hydroponics also resulted in a
decrease in shoot magnesium concentration [56].

In the salt-tolerant beach species Mertensia maritima, no adverse effects of salinity were
observed on leaf mineral nutrient concentrations despite a significant decrease in shoot
and root growth [57]. Instead, the accumulation of potassium, phosphorus, magnesium,
manganese, zinc and copper was significantly enhanced by increasing salinity. However,
even for obligate halophytes, which exhibit growth stimulation at low and moderate salin-
ity levels, negative alterations in mineral content can occur due to salt treatment. Thus,
for Mesembryanthemum crystallinum treated with NaCl and KCl at growth-stimulating con-
centrations, a significant reduction in leaf concentrations was observed for phosphorus,
magnesium, iron, manganese, zinc, and partially for copper [31]. Overall, these find-
ings indicate that the reduction in L. arenarius plant growth under the influence of NaCl
and high NaNOj; concentrations was not associated with deficiencies in mineral supply.
This confirms the general assumption that, for halophytic species, changes in mineral
nutrient concentrations within plant tissues in saline conditions most likely reflect regu-
lated metabolic adaptations aimed at maintaining homeostasis in conditions of elevated
salinity [58].

Our findings demonstrate that nitrate treatments, particularly at low to moderate con-
centrations, exert a more favorable effect on plant growth compared to chloride treatments.
This growth advantage is associated with enhanced uptake and accumulation of calcium,
magnesium, and iron in leaves—cations known to support cell wall stability, photosynthetic
enzyme functions, and metabolic processes [59,60]. Chloride treatments, in contrast, led
to elevated levels of manganese and zinc in both roots and leaves, indicating that anion
type significantly influences nutrient uptake patterns. Importantly, the observed mineral
composition differences appear to be driven primarily by anion specificity rather than
sodium concentration; Na* levels remained relatively constant across treatments, while
nutrient profiles varied substantially based on whether nitrate or chloride was supplied.
This supports the hypothesis that nitrate facilitates divalent cation uptake more effectively
than chloride [61].

Reduced cation uptake resulting from high nitrate uptake can lead to deficiencies
of certain minerals such as potassium, calcium, and magnesium [62,63]. Alternatively,
additional nitrogen-induced growth promotion can cause a nutrient “dilution” effect if the
root uptake capacity for a specific mineral remains unchanged [64,65]. However, it appears
that the observed plant growth stimulation by low and moderate nitrate concentration
may be related to increased stimulation of calcium, magnesium, and iron uptake and their
accumulation in the leaves, resulting in net nutrient enrichment rather than depletion.

Maintenance of tissue water homeostasis is a crucial characteristic of salt-accumulating
halophytes. In these plants, water content and degree of succulence are directly propor-
tional to the concentration of electrolytically active ionic substances [66]. Increase in water
content was a characteristic response of L. arenarius plants at low and moderate salinity,
and no negative effect on tissue water content was observed even at 400 mmol L~ salinity
(Figure 5). Interestingly, leaf water content (in g g~! dry weight, termed as “leaf succu-
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lence”) increased only in salt-excreting grass species under NaCl salinity, but decreased
in non-excreting species [44]. However, L. arenarius is suggested as using salt inclusion
strategy instead of salt excretion through specialized glands [67]. In a study conducted with
three halophytic perennial grass species, contrasting effects of salinity on leaf water content
were revealed [15]. Specifically, only the highly salt-tolerant species Aeluropus lagopoides
exhibited increased tissue water content at both low and moderate salinity, but for similarly
tolerant species Urochondra setulosa and relatively less tolerant species Sporobolus ioclados,
tissue water content already decreased at 300 or 400 mM, respectively. Therefore, it is
evident that the ability to maintain high water content in the leaves of grass species is not
directly correlated with their salt tolerance. Instead, it reflects genotype-specific differences
in ion/water accumulation strategies.

Mechanisms underlying ecologically adaptive salinity tolerance in coastal plants have
only recently attracted sustained attention [68]. In this context, comparative analyses
of wild halophyte accessions collected from distinct sites—even when geographically
proximate—can reveal functional divergence consistent with putative ecotypic differenti-
ation [69]. Moreover, comparisons between coastal and inland populations of the same
species have repeatedly shown trait combinations that reflect adaptation to coastal salinity
regimes [58,70,71]. Initial work on L. arenarius also indicated marked differences in salt
tolerance between coastal and inland accessions [11]. Building on this foundation, we
assessed two coastal accessions (LA1 and LA2) from the Gulf of Riga and, despite expec-
tations of minimal divergence due to the similarity of their environments, we observed
consistent morphological and physiological contrasts that bear on adaptive strategy.

Three patterns stand out. First, LA1 tended to increase rhizome biomass under mod-
erate salinity (=100 mmol L~ NaNO;; Figure 1E), whereas LA2 exhibited a pronounced
increase in leaf sheath biomass at moderate salinity (50 mmol L~! NaNOg; Figure 1D).
Second, LA2 accumulated significantly more water in both leaf blades and sheaths than
LA1 across 50-200 mmol L~ NaNO; (Figure 5A,B). Third, the modest differences detected
in mineral nutrient concentrations were inconsistent and likely influenced by sampling
variance due to the relatively low number of biological replicates. Taken together, these
findings suggest distinct allocation strategies. LA1’s greater investment in belowground
biomass under stronger osmotic stress is consistent with a persistence strategy emphasizing
clonal maintenance, resource storage, and stress buffering via rhizome systems.

5. Conclusions

This study compared the effects of sodium chloride (NaCl) and sodium nitrate
(NaNOs3) on the growth and mineral nutrition of Leymus arenarius plants. While both salts
inhibited growth at high concentrations, NaNOs stimulated growth at lower concentrations
due to the beneficial effects of nitrate, partially confirming the initial hypothesis. L. arenarius
accumulated significantly more sodium in its leaves than in its roots when treated with
NaNOs, suggesting distinct sequestration mechanisms for sodium and chloride. L. arenarius
plants exhibited reduced growth under NaCl and high NaNOj concentrations, but this was
not attributed to mineral deficiencies. Instead, changes in mineral nutrient concentrations
likely reflect metabolic adaptations to maintain homeostasis in saline conditions. Notably,
chloride and nitrate salts had distinct effects on mineral nutrient composition, with chloride
increasing manganese and zinc levels, while nitrate increased calcium and iron levels.
Overall, the study results provide a basis for the potential use of L. arenarius plants for the
restoration of saline and nitrogen-contaminated sites or wastewater. In addition, the plant
could serve as a model for further research into the molecular mechanisms of salt tolerance,
which could be used to improve salt tolerance in cereal crops.
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