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ABSTRACT

Saline coastal ecosystems arise from interacting marine and terrestrial processes, in which soil
salinization, sea-level fluctuations, and anthropogenic disturbances jointly constrain ecological
stability. Halophytes — salt-tolerant vascular plants comprising approximately one percent of global
flora — play a significant functional role in these environments, frequently dominating vegetation
associations in semi-desert, coastal plain, and saline meadow systems.

This review synthesizes current knowledge of halophyte functional ecology in saline coastal
systems, with particular reference to the Caspian coastline of Azerbaijan. The Azerbaijani Caspian
coast spans approximately 800 km and encompasses six phytogeographical regions, supporting a
documented flora of approximately 1,054 vascular plant species. Halophytes meeting the 2200 mM
NaCl life-cycle criterion (Flowers & Colmer, 2008) constitute an estimated 8-9% of this flora.
Based on published global literature and regional floristic surveys, five ecosystem stability functions
are described: topsoil ion redistribution, sediment modification, succession facilitation, biodiversity
structuring, and carbon storage. The physiological mechanisms associated with these functions
— including vacuolar ion compartmentalization, salt gland secretion, osmotic adjustment, and
antioxidant defence — are well documented in the global literature but remain unmeasured in
Caspian coastal populations.

No original experimental data are presented. All quantitative values are derived from published
sources, and their applicability to the non-tidal, petroleum-affected, and irrigation-salinized Caspian
system is explicitly discussed. The review provides a structured synthesis of existing knowledge,
distinguishing between globally established mechanisms and region-specific observations, and
outlines directions for future empirical research.

Keywords: halophytes; ecosystem stability; saline soils; Caspian coast; topsoil ion redistribution;
spatial floristic zonation; ion homeostasis; Azerbaijan

1. INTRODUCTION

1.1. Halophytes: definition and ecological
significance

Halophytes are vascular plants capable
of completing their life cycle at salinity levels
2200 mM NaCl, conditions that are lethal to
glycophytes (Flowers & Colmer, 2008). Salt tol-
erance has evolved independently across mul-
tiple angiosperm lineages, with Chenopodiace-
ae (Amaranthaceae sensu lato), Tamaricaceae,
Plumbaginaceae, and Poaceae among the most

prominently represented families. Despite ac-
counting for less than 2% of global vascular
plant diversity, halophytes dominate the most
physiologically extreme saline environments.

Phragmites australis is excluded from this
category. Although it tolerates moderate salin-
ity through avoidance mechanisms, it does not
complete its life cycle under 2200 mM NaCl con-
ditions and is therefore classified as a euryha-
line glycophyte.

Halophytes are associated with modification

[=2]
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of soil chemical properties through ion accu-
mulation, secretion, and exclusion, and with
sediment stabilization via biomass structure.
The magnitude and spatial variability of these
processes remain insufficiently documented for
the Caspian coastal system. The ecosystem engi-
neering framework (Jones et al., 1994) provides
an interpretive basis for understanding organ-
ism—environment interactions in such systems.

1.2. The Caspian coastal zone: a physically
distinct system

The Caspian Sea — the world’s largest en-
closed water body — represents a coastal sys-
tem fundamentally different from tidal salt
marsh environments that dominate the halo-
phyte ecology literature. The absence of oceanic
tides results in sea-level fluctuations operating
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on interannual to decadal timescales, driven by
the precipitation—evaporation balance and Vol-
ga River discharge. These fluctuations can reach
several metres in amplitude.

Inundation regimes are therefore less fre-
quent, longer in duration, and more spatially
variable than in tidal systems. Sediment inputs
are primarily aeolian and fluvial rather than tid-
al-current-driven. These differences limit the
direct transferability of quantitative estimates
(e.g., desalinization rates, sediment accretion,
carbon storage) derived from tidal systems.

The Azerbaijani Caspian coast extends ap-
proximately 800 km and includes six distinct
phytogeographical regions (Table 1).

Table 1. Phytaogeographical regions of the Azerbaijani Caspian coast: key ecological parameters

Area (km?2) | Altitude (m)

Precipitation

Salinization
regime

Dominant soil
types

(mm yr™)

Samur-Shabran ~1,200 -3to+120 280-380 Alluvial Primary (partial)
meadow—forest
soils
Caspian coastal ~850 -28 to +15 200-280 Solonchaks, Primary (intense)
plain grey-brown
soils
Absheron ~2,100 -25 to +100 230-320 Grey soils with | Primary,
Peninsula petroleum in- | anthropogenic
fluence
Gobustan ~1,700 +5 to +200 250-350 Grey- Primary
brown soils, (moderate)
solonchaks
Lankaran—Mugan ~3,100 -20 to +60 280-380 Irrigated Secondary
meadow-brown | (irrigation-
soils induced)
Lankaran lowland ~1,850 -5to +150 1,200-1,600 Forest-yellow Wealk, localized
and alluvial
soils

*Approximate area of coastal zone only; indicative figures from regional geographic descriptions — precise GIS-mea-
sured values not reproduced here. TSalinization categories follow descriptive field classifications from regional surveys;
formal alignment with FAO or USDA salinity classification has not been applied.

1.3. Objectives

This review has four primary objectives:
(1) to characterize the floristic composition of
halophyte assemblages along the Azerbaija-
ni Caspian coast; (2) to synthesize established

knowledge of halophyte physiological mech-
anisms from the global literature; (3) to ex-
amine ecosystem-level roles of these species
within the regional context; and (4) to identify
research priorities for improving the empirical
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basis of coastal ecosystem assessment and as a euryhaline glycophyte.
management. Estimated halophyte proportions are based

1.4. Scope and evidential framework

The review distinguishes between mecha-
nisms established in the global literature, pat-
terns documented in regional vegetation stud-
ies, and aspects of ecosystem functioning that
remain insufficiently investigated under Caspian
coastal conditions. In the absence of region-spe-
cific experimental data, the study provides a
structured synthesis of existing knowledge and
outlines directions for future empirical research.

2. MATERIALS AND METHODS

2.1. Study approach and definitions

This study is a conceptual and observation-
al review and presents no original experimen-
tal data. The synthesis integrates: (1) long-term
floristic and geobotanical survey data from the
Azerbaijani Caspian coastal zone, collected us-
ing Braun-Blanquet relevé methods across more
than 500 plot descriptions and verified against
a herbarium collection exceeding 2,000 spec-
imens; (2) international peer-reviewed litera-
ture on halophyte ecophysiology and ecosystem
processes; and (3) the ecosystem engineering
framework.

Operational definitions.

‘Halophyte’: vascular plant completing
its life cycle in soils with NaCl concentra-
tions 2200 mM (Flowers & Colmer, 2008).
‘Ecosystem stability’:acomposite conceptinclud-
ing resistance (maintenance of system properties
under disturbance) and resilience (rate of recov-
eryfollowingdisturbance) (Donohueetal.,2013).

‘Topsoil ion redistribution’: localized and
temporary reduction in surface soil salin-
ity associated with vegetation cover, not

permanent salt removal from the system.
‘Functional interpretation’: description of po-
tential ecological roles derived from established
ecophysiological knowledge and comparative
literature.

2.2. Species classification criteria

Species are classified as halophytes only
where published ecophysiological evidence sup-
ports completion of the life cycle under >200
mM NaCl conditions. Phragmites australis does
not meet this criterion and is treated separately

on this threshold and should be considered ap-
proximate, pending comprehensive species-lev-
el evaluation using consistent criteria.

2.3. Comparative analytical framework and
literature scope

In the absence of region-specific experimen-
tal data, this review applies a structured com-
parative analytical framework. For each ecosys-
tem stability function, four analytical steps are
followed:

(1) Mechanism identification — identifica-
tion of physiological or biophysical processes as-
sociated with observed ecological patterns;

(2) Global evidence assessment — evalua-
tion of empirical evidence from other geograph-
ic systems;

(3) Contextual comparison — assessment of
the compatibility between conditions in stud-
ied systems and those of the Caspian coastal
environment;

(4) Research needs identification — specifi-
cation of variables and measurements required
for future empirical investigation.

This framework enables systematic compar-
ison between globally documented processes
and region-specific environmental conditions.
Each function discussed in Section 3.2 follows
this analytical structure, allowing transparent
evaluation of evidential support.

Global studies are applied to the Caspian
context only where physical system character-
istics are comparable or where limitations are
explicitly acknowledged. All quantitative values
are derived from peer-reviewed, DOIl-verified
sources.

2.4. Application to management context

The review also considers practical impli-
cations for coastal ecosystem management.
Section 3.6 translates the identified ecosystem
functions into preliminary management con-
siderations, structured according to the current
level of available evidence. This approach sup-
ports the use of existing knowledge while clearly
distinguishing areas where additional empirical
data are required. Despite this relatively limited
numerical representation, halophytes form the
dominant vegetation component across saline
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habitats, including coastal plains, semi-desert
landscapes, and salt-affected meadow systems.

3. RESULTS

3.1. Floristic composition

Regional floristic and geobotanical surveys
conducted systematically across the 800 km
Azerbaijani Caspian coastline document a re-
markably diverse vascular flora comprising 1,054
species distributed across 124 families and orga-
nized into 179 distinct vegetation associations.
This comprehensive phytosociological baseline

represents one of the most thoroughly charac-
terized coastal floras in the Caspian region, de-
rived from Braun-Blanquet relevé methodology
applied across all six phytogeographical zones.
Halophytes—strictly defined according to
the internationally accepted criterion of life-cy-
cle completion at salinity levels 2200 mM NaCl
(Flowers & Colmer, 2008)—constitute approx-
imately 8-9% of total species richness, corre-
sponding to an estimated 88-100 species.

Figure 1. Family-level composition of halophytes in the Caspian coastal flora

Other
Families

10%

Plumbagi-
naceae 10%

Chenopodiaceae

Tamaricaceae

15%

M Chenopodiaceae M Tamaricaceae

65%

M Plumbaginaceae M Other Families

Table 2. Caspian coastal flora summary

Parameter Total Halophytes

Vascular plant species 1,054 ~88-100 (8—-9%)

Families 124 Chenopodiaceae dominant

Vegetation associations | 179 Predominantly saline environments

Red Book species 69 5+ halophyte taxa (e.g. Limonium
gmelinii CR, Tamarix spp. VU)
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Table 3. Representative Caspian halophytes
Species Family Salt tolerance mechanism Ecological context
Halocnemum Chenopodiaceae Vacuolar ion Dominant in highly saline
strobilaceum compartmentalization solonchaks
Salicornia europaea | Chenopodiaceae Extreme ion accumulation Hypersaline

environments

Tamarix ramosissima | Tamaricaceae

Salt gland secretion

Woody coastal
vegetation

Suaeda spp. Chenopodiaceae

solutes

lon accumulation with compatible

Early-stage saline
habitats

Limonium gmelinii Plumbaginaceae

Salt gland secretion

Saline meadow systems

Table 4. Halophyte family-level dominance

Family % of halophytes | Key genera/species Primary habitat
Chenopodiaceae 65% Halocnemum, Salicornia, Suaeda | Hypersaline pioneer zones
Tamaricaceae 15% Tamarix ramosissima Woody coastal thickets
Plumbaginaceae 10% Limonium gmelinii Saline meadow communities
Poaceae 7% Puccinellia spp. Brackish—saline transitions
Other families 3% Halogeton, Petrosimonia Specialized habitats

Figure 1. Family-level composition of halophytes in the Azerbaijani Caspian coastal flora Relative proportions are
based on compiled floristic data (Chenopodiaceae 65%, Tamaricaceae 15%, Plumbaginaceae 10%, Poaceae 7%, other

families 3%).

3.2. Ecosystem observations

No quantitative measurements of ecosys-
tem processes have been reported for halo-
phyte-dominated communities in the Azer-
baijani Caspian coastal zone. Existing regional
literature contains no empirical data on soil
electrical conductivity under vegetation com-
pared to bare soil, sediment properties, carbon
storage, or plant—soil ion exchange processes.
Available knowledge is therefore limited to de-
scriptive vegetation patterns associated with
environmental gradients.

3.3. Physiological data

No published studies provide quantitative
physiological measurements for halophyte
populations in the Caspian coastal region. Data
are lacking for ion homeostasis, osmotic ad-
justment, antioxidant enzyme activity, and salt
secretion rates under natural environmental
conditions.

4. DISCUSSION

4.1. Caspian versus global saline coastal
systems

The Caspian coastal system differs funda-
mentally from tidal salt marsh environments
due to the absence of oceanic tidal influence.
Sea-level fluctuations occur over interannual to
decadal timescales rather than daily tidal cycles,
while sediment dynamics derive primarily from
aeolian and fluvial processes rather than tidal
currents. These physical differences limit the di-
rect transferability of quantitative findings from
tidal systems.

Despite their relatively modest numerical
representation within the overall flora (8—-9%),
halophytes form the dominant structural com-
ponent of vegetation across saline habitats in-
cluding coastal solonchaks, semi-desert land-
scapes, and salt-affected meadow systems.

4.2, Data limitations

The principal finding of this review is the
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complete absence of region-specific experi-
mental data quantifying halophyte-mediated
ecological processes. No measurements exist
for soil salinity dynamics, sediment processes,
temporal vegetation change, population eco-
physiology, or carbon storage. This systematic
data deficiency precludes quantitative ecologi-
cal assessment.

4.3. Research priorities

Future research should prioritize field-based
measurements of soil salinity dynamics, sedi-
ment processes, plant physiological responses,
and long-term vegetation change. Coordinat-
ed monitoring across representative coastal
regions is required to generate region-specific
guantitative data for ecological assessment.

4.4. Management considerations

Floristic data indicate that halophyte com-
munities represent a major structural com-
ponent of saline coastal vegetation while sup-
porting 69 Red Book species, including several
nationally protected halophyte taxa. Manage-
ment efforts should prioritize protection of exist-
ing halophyte vegetation, while restoration ini-
tiatives and quantitative desalinization targets
remain dependent on the availability of empiri-
cal ecological data.

5. CONCLUSION

This review characterizes halophyte assem-
blages along the Azerbaijani Caspian coast,
demonstrating that they constitute approxi-
mately 8-9% (approximately 88—100 species)
of the 1,054 documented vascular plant species
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