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Abstract

Saline habitats, which include both coastal and inland, host specialised halophytic commu-
nities that can withstand high salinity. Coastal communities are shaped by tidal inundation
and marine connectivity, whereas inland saline habitats are driven by evaporation, ground-
water salinisation, and greater landscape isolation. These contrasting hydrological and
environmental variables likely drive divergent patterns of genetic diversity, influencing
local adaptation, connectivity, and evolutionary divergence, which is important for un-
derstanding species persistence and guiding conservation of saline ecosystems under
environmental change. This systematic review brings together phylogeographic studies on
halophytic species from both environments to uncover global drivers of genetic difference.
A systematic search of Web of Science, Scopus, and PubMed was done, and 20 studies were
identified focusing on key genera including Salicornia, Sarcocornia, Suaeda, and Triglochin.
Distinct genetic clades were often associated with habitat type or geographic region, in-
dicating repeated divergence linked to coastal-inland environmental gradients. Genetic
differentiation between coastal and inland halophyte populations is primarily driven by
habitat fragmentation, restricted gene flow, historical refugia and recolonisation, salinity-
mediated adaptation, and differences in dispersal capacity. As a result, coastal populations
are generally more genetically connected, whereas inland populations tend to be more
isolated, structured, and evolutionarily divergent. The data also showed a strong regional
bias; while research is well established in Europe, Asia, and North America, African inland
saline ecosystems are critically understudied. We conclude that habitat connectivity and
dispersal pathways are the primary determinants of halophyte genetic structure. Future
research must integrate ecological niche modelling and landscape genetics to resolve the
evolutionary dynamics of these taxa, particularly in under-sampled regions such as south-
ern Africa, to support effective conservation of saline biodiversity. However, the synthesis
is constrained by the small number of eligible studies (1 = 23) and their uneven geographic
distribution, with limited representation from Africa, South America, and Australia, which
restricts the ability to draw fully global conclusions. Recognising and protecting these
systems is essential for safeguarding global saline biodiversity.

Keywords: population genetics; genetic diversity; habitat connectivity; coastal salt marshes;
inland saline habitats; systematic review
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1. Introduction

Saline ecosystems, including coastal salt marshes and inland salt pans, are globally
significant habitats that support halophytic vegetation adapted to extreme salinity [1-4].
These ecosystems provide essential services such as nutrient cycling [5,6], carbon seques-
tration [7,8], shoreline stabilization [9,10], and support for biodiversity [11]. Despite their
shared ecological importance, coastal and inland saline systems differ fundamentally in
connectivity, evolutionary pressures, and conservation challenges, shaping distinct phylo-
geographic outcomes.

Coastal salt marshes typically form in intertidal zones through tidal inundation and
sediment deposition, with hydrological connectivity driven by ocean currents [12-15].
This connectivity facilitates strong gene flow among populations, often maintaining high
genetic diversity and reducing divergence. In contrast, inland saline habitats, referred
to as pans [16] or sabkhas [17-19] or playas [19,20], arise through evaporation, ground-
water salinization, or geological salt deposits [16,17]. It has been suggested that their
fragmented and isolated nature restricts dispersal, leading to weaker gene flow, bottlenecks,
and founder effects that promote genetic differentiation. A schematic representation of
gene flow and divergence (Figure 1) illustrates these contrasting dynamics, highlighting
how ecological context drives evolutionary trajectories. These contrasting evolutionary out-
comes are especially relevant in halophytes, a group of plants that has repeatedly evolved
the capacity to survive in saline environments across diverse habitats.

Halophytes are defined as salt-tolerant plants that occur naturally in saline environ-
ments and are able to complete their life cycle at salinity levels exceeding 200 mM [21]. De-
spite comprising approximately only 1% of global plant diversity [22], over 2500 halophytic
species have been documented in the eHALOPH database (V7.1, https://ehaloph.uc.pt),
reflecting a diverse array of adaptations to saline soils [2]. These halophytes exemplify con-
vergent adaptation to salinity. Early definitions distinguished halophytes from glycophytes
as discrete ecological groups [2]. Later classifications recognised obligate, facultative, and
other functional categories of salt-tolerant plants [21,23-25]. Contemporary perspectives,
however, view salinity tolerance as a continuum rather than a strict dichotomy, with species
ranging from highly salt-sensitive glycophytes to euhalophytes capable of withstanding
repeated exposure to seawater [2,21,23]. This conceptual shift highlights the diverse phys-
iological mechanisms and multiple evolutionary pathways through which plants have
adapted to saline environments [26,27]. However, the phylogeographic consequences of
these adaptations may differ among saline environments. Coastal salt marshes are char-
acterised by pronounced environmental gradients in tidal inundation, salinity, sediment
dynamics, redox potential, and oxygen availability, all of which can promote localised adap-
tation and population differentiation despite ongoing connectivity. For example, genetic
and epigenetic variation has been shown to occur across environmental gradients within
coastal salt marsh species, highlighting the importance of local environmental filtering in
shaping population structure [28]. Inland saline habitats, by contrast, are typically more
spatially isolated and fragmented, potentially increasing the influence of restricted disper-
sal, reduced gene flow, and demographic processes such as bottlenecks and founder effects
on patterns of genetic differentiation. Collectively, these processes suggest that coastal and
inland halophyte populations may experience different evolutionary trajectories. Coastal
populations are often shaped by the interaction between environmental heterogeneity
and connectivity, whereas inland populations may be more strongly influenced by habitat
isolation, reduced gene flow, and population fragmentation.

Historically, both coastal and inland saline systems have been shaped by sea-level
fluctuations, glacial cycles, and episodes of marine transgression and regression, which
alternately created dispersal corridors, refugia, and isolated habitat patches. In coastal systems,
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these processes often promoted regional connectivity and recolonisation, whereas in inland
saline systems, they more frequently contributed to habitat isolation, fragmentation, reduced
gene flow, bottlenecks, and founder effects [29]. Collectively, these processes suggest that
inland halophyte populations may exhibit greater population differentiation, reduced gene
flow, and more geographically structured genetic variation than coastal populations.

Conceptual Model of Connectivity and Divergence in Halophyte Populations
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Figure 1. Conceptual model of connectivity and divergence in coastal and inland halophyte pop-
ulations. Coastal salt marsh populations are typically connected by hydrological and biological
dispersal pathways, including tidal transport, hydrochory (water-mediated dispersal), ornithochory
(bird-mediated dispersal), and pollen movement, resulting in relatively high levels of contemporary
gene flow, greater genetic diversity, and lower population differentiation. In contrast, inland saline
habitats are often spatially isolated and fragmented, reducing dispersal opportunities and contempo-
rary connectivity among populations. Restricted gene flow in inland systems can increase population
differentiation and contribute to demographic processes such as genetic drift, bottlenecks, founder
effects, and localised adaptation. Dashed arrows represent infrequent long-distance dispersal events
and historical connectivity associated with past sea-level fluctuations, glacial cycles, marine trans-
gressions and regressions, and range shifts, which may have facilitated colonisation between coastal
and inland saline environments. Together, these processes influence the phylogeographic structure
of halophyte populations by shaping patterns of genetic diversity, connectivity, divergence, and
evolutionary change across saline landscapes. Figure concept and graphical design were generated
with assistance from ChatGPT 5.5 (OpenAl, San Francisco, CA, USA) and refined by the authors.

Understanding gene flow, phylogeography, and population divergence in halophytes
is heavily reliant on the molecular markers used (Figure 1). A variety of markers have been
utilized, each representing a particular feature of genetic variation. Organelle markers, such
as chloroplast DNA (cpDNA), are widely used for reconstructing historical lineage diver-
gence and seed-mediated dispersal due to their uniparental inheritance and low mutation
rates [30,31]. Nuclear markers, such as internal transcribed spacer (ITS) regions, can im-
prove phylogenetic resolution, although they are restricted by paralogy and variability [32].
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Highly polymorphic markers such as simple sequence repeats (SSRs) or microsatellites
and amplified fragment length polymorphisms (AFLPs) have been widely used to as-
sess fine-scale population structure and contemporary gene flow. However, it should be
noted that AFLPs may have reproducibility issues, whereas SSRs require species-specific
development [31,33].

More recently, single-nucleotide polymorphisms (SNPs) generated by next-generation
sequencing have enabled high-resolution analyses of both neutral and adaptive variation
across genomes, but their use is uneven due to higher costs, computational demands,
and limited standardization [34]. As a result, changes in marker selection among studies
affect estimates of haplotype diversity, population structure (e.g., F_ST), and gene flow,
making direct comparisons difficult. This stresses the importance of better methodological
consistency, or integrative approaches that include various marker systems, in improving
the robustness and comparability of phylogeographic and population genetic inferences
in halophytes.

Globally, coastal salt marshes have received far greater scientific attention than inland
saline habitats, with extensive research documenting their ecological functions, ecosystem
services, and genetic diversity, particularly in Europe, North America, and Asia [35,36]. As
a result, despite increasing threats from mining, agriculture, groundwater depletion, and
climate-driven aridity, inland systems such as salt pans, saline wetlands, and ephemeral
saline depressions remain comparatively poorly understood [17]. This is especially evident
in Africa, where major gaps persist in our understanding of the ecology, connectivity, and
phylogeography of inland halophyte populations [26,37].

Given these contrasts, a systematic synthesis of phylogeographic studies is urgently
needed. This review aims to evaluate genetic diversity patterns, compare coastal and
inland halophyte populations, and identify key drivers of divergence. The main research
questions addressed in this review are:

1. Which molecular markers and genetic diversity metrics are most frequently used in
phylogeographic studies of halophytes?

2. How does research effort vary?

3. How does genetic and haplotype diversity differ between coastal and inland halophyte
populations across regions?

4.  How do phylogeographic patterns differ between coastal salt marshes and inland
saline plant populations?

5. What are the main drivers of genetic differentiation in halophytes across coastal and
inland environments?

6.  What major knowledge gaps remain in the phylogeography of halophytes, particularly
in understudied inland saline ecosystems and African regions?

2. Materials and Methods
2.1. Literature Search Strategy

A systematic literature search was conducted using four major scientific databases:
Web of Science, Scopus, PubMed (NCBI), and Google Scholar. To ensure reproducibility
and methodological transparency, Boolean search strings were applied across databases.

The following core search structure was used: (“halophyte*” OR “salt marsh plant*”
OR “saline plant*” OR “coastal halophyte*”) AND (“phylogeography*” OR “population
genetic*” OR “genetic diversity*” OR “gene flow*”) AND (“salt marsh*” OR “saline wet-
land*” OR “salt pan*” OR “inland saline habitat*” OR estuary OR “sabkha*” OR “playas*”).
Additional searches in Google Scholar included phrases such as “halophyte phylogeogra-
phy”, “salt marsh genetic diversity”, and “coastal vs. inland saline plants genetics”. The
first 200 results sorted by relevance were screened. The first 200 results sorted by rele-
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vance were screened, and we justify this choice as a reproducible and pragmatic approach.
Furthermore, citation tracking contributed additional records.

To minimise the risk of omitting relevant halophytic taxa and associated molecular
studies, an additional targeted search was conducted using the eHALOPH database (ver-
sion 7.10; accessed 29 May 2026; https:/ /ehaloph.uc.pt). eHALOPH is a curated global
database of halophytes and other salt-tolerant plants. The database provides taxonomic
information, habitat descriptions, salinity tolerance records, geographic distributions,
and associated literature references for more than 2500 halophytic and salt-tolerant plant
species worldwide.

The keyword “DNA” was used within the eHALOPH reference database to iden-
tify species for which molecular genetic studies had been reported. This search returned
136 halophytic species. For each species, the associated reference list was examined indi-
vidually to identify studies involving phylogenetics, phylogeography, population genetics,
genetic diversity, haplotype analyses, DNA barcoding, or other molecular marker ap-
proaches. References identified through eHALOPH were subsequently screened against
the predefined inclusion and exclusion criteria used in this review.

Particular attention was given to studies explicitly comparing coastal and inland saline
populations or investigating genetic connectivity between these habitat types. Although
numerous molecular studies were identified, many focused exclusively on phylogenetic re-
lationships, taxonomic revision, phylogenomic, species delimitation, or population genetic
analyses restricted to either coastal or inland habitats. These studies were excluded when
they did not examine phylogeographic patterns, population differentiation, or connectivity
across both coastal and inland saline environments. Eleven additional eligible studies
were identified through the eHALOPH screening process beyond those included in the
final synthesis, and four were included. The inclusion of eHALOPH as a supplementary
search resource broadened the taxonomic scope of the review and provided an independent
assessment of the completeness of the literature search [38].

2.2. Time Range

The literature search included studies published between 1985 and 2025, capturing
both early phylogeographic studies using classical molecular markers and more recent
research using genomic approaches.

2.3. Inclusion and Exclusion Criteria

Studies were included if they investigated halophytic plant species using molecular
approaches to address phylogenetics (including taxonomic revisions), genetic diversity,
population genetics, or phylogeography (Figure 2). Eligible studies had to include popu-
lations occurring in both coastal and inland saline habitats, or explicitly compare genetic
patterns, evolutionary relationships, or connectivity between these habitat types. Stud-
ies were also required to employ molecular genetic markers (e.g., chloroplast DNA, ITS,
microsatellites, AFLP, SNPs, or genomic datasets) and provide sufficient methodological
information for interpretation.

Studies were excluded if they focused exclusively on non-halophytic species, lacked
genetic, phylogenetic, or phylogeographic data, or examined only fauna or microbial
systems. Importantly, studies that investigated only coastal salt marshes or only inland
saline habitats in isolation, without any comparative or integrative relevance to both habitat
types, were excluded. Studies were also excluded if they lacked sufficient methodological
detail, were purely ecological without a genetic component, or were duplicate, non-peer-
reviewed, or inaccessible records.

https://doi.org/10.3390/ coasts6030032


https://ehaloph.uc.pt
https://doi.org/10.3390/coasts6030032

Coasts 2026, 6, 32

6 of 24

Identification of studies via databases and registers

Identification

Records identified from*:
Databases (n = 203)
Registers (n=7)

Total (n = 210)

v

Screening

Records screened
(n=186)

Reports sought for retrieval
(n=60)

Reports assessed for eligibility
(n=60)

Y

[ Included ] [

Studies included in review
(n=23)
Reports of included studies
(n=23)

v

Records removed before screening:

Duplicate records removed (n = 24)

Records marked as ineligible
by automation tools (n = 0)

Records removed for other
reasons (n = 0)

Total (n = 24)

Records excluded**
(n=126)

Reports not retrieved
(n=0)

All reports were retrieved
for screening

Reports excluded: (n = 37)

Reason 1 (n=17)

Lack of genetic or molecular data
Reason 2 (n=7)

Not focused on halophytes
Reason 3 (n=13)

Insufficient phylogeographic
information, etc.

* Databases included Scopus, Web of Science, PubMed, CAB Abstracts,
and Google Scholar.

** Records excluded based on title and abstract screening.

23 studies were included in the final synthesis.

2.4. Study Selection (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses Approach)

Figure 2. PRISMA flow diagram illustrates the study selection process for the systematic literature
review. Records were identified through database searches and citation tracking, screened based
on titles and abstracts, and assessed for eligibility using predefined inclusion criteria. A total of

A PRISMA-based screening process was used to identify relevant studies (Figure 2).

A total of 210 records were identified through database searching and citation tracking.
After removing duplicates (1 = 24), 186 studies were screened based on titles and abstracts.
Of these, 126 were excluded. Full-text assessment was conducted on 60 studies, of which
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37 were excluded due to a lack of genetic data or relevance. A total of 23 studies were
included in the final synthesis. The systematic literature review followed PRISMA-informed
reporting approaches where applicable. A completed PRISMA checklist based on the MDPI
reporting template is provided as Supplementary Materials (Tables S1 and S2). To improve
methodological transparency and reproducibility, the review was retrospectively registered
on the Open Science Framework (OSF) before manuscript submission (Registration: https:
//osf.io/vq7js/—accessed on 29 May 2026).

2.5. Data Extraction and Analysis

From each study, the following information was extracted: Taxon studied, Geographic
region, Habitat type (coastal or inland), Molecular markers used, Genetic diversity metrics,
and key phylogeographic findings. Extracted data were synthesized to identify patterns in
genetic diversity, phylogeographic structure, and environmental drivers. Where possible,
results were summarized quantitatively to improve analytical depth. The frequency of
reported drivers was calculated as the number of studies included, identifying a given
mechanism divided by the total number of studies included in the review (1 = 23). Because
individual studies often identified multiple drivers, percentages are not mutually exclusive
and may sum to more than 100%.

3. Results

3.1. Molecular Markers and Research Coverage
3.1.1. Molecular Markers and Genetic Diversity Metrics Used in Phylogeographic Studies
of Halophytes

A total of 23 studies were included in the final synthesis, encompassing a range of
halophytic plant taxa distributed across coastal and inland saline environments (Figure 3).
These studies applied diverse molecular approaches, including chloroplast DNA (cpDNA),
internal transcribed spacer (ITS) regions, amplified fragment length polymorphisms (AFLP),
microsatellites (SSR), and single-nucleotide polymorphisms (SNPs), reflecting variation
in analytical resolution and study objectives. From a methodological perspective, four
main marker types were most commonly used (Figure 3A). Chloroplast DNA (cpDNA)
was the most frequently applied marker (45%), followed closely by ITS regions (40%).
Microsatellites (20%) and AFLPs (15%) were less commonly used but provided higher-
resolution insights into population structure. Specifically, 6 out of the 23 studies used a
combination of cpDNA and nuclear markers (e.g., ITS, SSR, or SNPs), allowing for more
robust inference of both maternal lineage structure and biparental gene flow. Combined
markers were used in 30% of the studies. These studies consistently reported patterns of
genetic diversity (He) and haplotype diversity (Hd) that varied with habitat type. Most
studies (88.9%) reported at least one measure of genetic diversity. Only a minority of
studies (33%) consistently reported both haplotype diversity and genetic diversity metrics,
indicating low consistency in the joint reporting of key phylogeographic parameters.

3.1.2. Research Coverage and Geographic Distribution

A clear geographic bias was evident across the dataset (Figure 3B). Most studies were
conducted in Europe, particularly in Central and Mediterranean regions, with additional
contributions from Asia and North America. In contrast, African systems accounted for
fewer than 15% of the included studies, with representation largely limited to South Africa,
Namibia, and Tunisia. Within the studies meeting the inclusion criteria, research was
concentrated in Europe and parts of Asia, whereas comparatively few studies explicitly
examined coastal-inland connectivity in Africa, South America, and Australia.
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Figure 3. Global distribution and molecular approaches used in phylogeographic studies of halo-
phytes across coastal and inland saline environments. (A) Geographic locations of the 23 studies
included in this systematic review, showing a concentration of research in Europe, with additional
studies in Asia, North America, and limited representation from Africa. Points indicate approximate
study locations and are slightly jittered to improve visibility. (B) Frequency of molecular markers
used across the included studies, with chloroplast DNA (cpDNA) and internal transcribed spacer
(ITS) regions being the most commonly applied, followed by microsatellites and amplified fragment
length polymorphisms (AFLP). Together, these panels illustrate both the geographical bias and
methodological trends in halophyte phylogeographic research.

Collectively, these studies demonstrate that halophytes frequently exhibit strong
genetic structuring across coastal and inland habitats. Patterns range from phylogeographic
differentiation among regional lineages (Atriplex halimus), habitat-associated divergence
(Suaeda salsa, Sesuvium portulacastrum), and ecological specialisation along salinity or tidal
gradients (Salicornia spp., Spartina alterniflora, Borrichia frutescens), to historical connectivity
across broader geographic regions (Hordeum marinum). These findings suggest that both
environmental filtering and historical dispersal processes have played important roles in
shaping the evolutionary diversification of halophytes.

3.1.3. Patterns of Genetic and Haplotype Diversity in Coastal and Inland Halophytes

Patterns of genetic diversity and population differentiation varied among taxa but
showed several recurring trends (Table 1). Coastal populations of Suaeda maritima, Sper-
gularia media, Phragmites australis, and Suaeda spp. generally exhibited higher genetic and
haplotype diversity than inland populations. In contrast, inland populations frequently
showed lower genetic diversity and greater population differentiation, with distinct genetic
clusters reported for Suaeda maritima and Spergularia media.
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Table 1. Genetic Diversity Patterns of Halophytes in Coastal vs. Inland Habitats. (NR refers to Not Reported).
Taxon Habitat Type Genetic Diversity (He/% Variation) Haplotype Diversity (Hd) Notes Citation
Suaeda maritima Coastal High (He =~ 0.70-0.85) High (Hd ~ 0.80-0.95) Most variation within populations [39,40]
Suaeda maritima Inland Lower (He = 0.40-0.60) Bd;oci%r;ge)—low (Hd ~ Strong population differentiation [41]
Sperqularia media Coastal Moderate (He = 0.50-0.70) Moderate-high Less fragmented populations [42]
Spergularia media Inland Low (He < 0.50) Low Distinct genetic subclusters [42]
Suaeda salsa Coastal Moderate-high (NR exact) High (distinct haplotypes) Phylogenetic distinction from the inland [43]
Suaeda salsa Inland High intraspecific variation High Ecotype differentiation [43]
Salicornia persica Inland ~55% variation among populations NR Strong differentiation [44]
Phragmites australis ~ Coastal Higher genetic diversity (NR exact) Higher Hd Coastal populations more diverse [44]
Phragmites australis ~ Inland Lower genetic diversity Lower Hd Reduced diversity inland [44]
Suaeda spp. Coastal Higher diversity Higher Hd Coastal sampling increases richness [44]
Suaeda spp. Inland Lower diversity Lower Hd Greater structuring inland [44]
. High genotypic diversity (clonal . . .

Zostera marina Coastal richness R high) NR Strong microsatellite structuring [45]
Multiple halophytic . . C s -
taxa Coastal & Inland High polymorphism (ISSR/AFLP) NR High interspecific variation [46]

ﬁ/vl\goz;\:t?ciii)ﬁ ‘/;I;l?nﬁe between High intrapopulational diversity; two major
Atriplex halimus Coastal & Inland "0 & sroups, Mg NR genetic groups (G1 Iberian/France vs. G2 [47]

intrapopulational diversity (301/306 .

. southern/eastern Mediterranean)
unique haplotypes)
rDNA variants (105 kb vs. 12 kb) Genetic differentiation along tidal gradler}t; upper
Lo A . vs. lower marsh taxa monomorphic for different
Salicornia spp. Coastal & Inland  structured by tidal inundation NR L . [48]
radient rDNA variants; evidence of predominant
& inbreeding
. . AFLP haplotype diversity ~ Epigenotype diversity ~ High genetic diversity; epigenetic variation

Spartina alterniflora Coastal 0.317-0.412 0.372 strongly correlated with habitat salinity gradients (28]
Borrichia frutescens  Tnland AFLP haplotype diversity ~ Epigenotype diversity ~ High genetic diversity; epigenetic variation [28]

0.249-0.316

0.301

strongly correlated with habitat salinity gradients
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Table 1. Cont.

Taxon Habitat Type Genetic Diversity (He/% Variation) Haplotype Diversity (Hd) Notes Citation
cpSSR haplotypes (6 detected); Iberian populations retain higher diversity;
Hordeum marinum Coastal nucleotide diversity high in Iberian NR connectivity with Central Mediterranean [49]
Peninsula populations
i iy Tetraploid cytotype shows ecological shift to
Hordeum Inland Chloroplast variation absent within NR inland mountainous habitats; reduced [49]
gussoneanum cytotypes

connectivity with diploid progenitor

High intra-specific diversity; coastal vs. inland
NR clones show ecological and anthropogenic [50]
differentiation

Sesuvium RAPD polymorphism ~ 39.25%; ITS
portulacastrum Coastal & Inland ~ 37.5%; Ac markers ~ 66.7%
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Several taxa exhibited clear phylogeographic separation between coastal and inland
populations. For example, Suaeda salsa contained distinct coastal and inland haplotypes
and evidence of ecotype differentiation, while Salicornia persica showed strong differenti-
ation among inland populations, with approximately 55% of genetic variation occurring
among populations. Similarly, studies of Phragmites australis and Suaeda spp. reported
higher genetic diversity in coastal populations and greater genetic structuring among
inland populations.

Other studies highlighted the complexity of genetic patterns across saline habitats.
Zostera marina exhibited high genotypic diversity and strong microsatellite structuring
in coastal populations, whereas studies incorporating multiple halophytic taxa reported
high levels of polymorphism and interspecific genetic variation across coastal and inland
environments. Collectively, these studies demonstrate substantial variation in genetic
diversity and phylogeographic structure among halophyte taxa occupying coastal and
inland saline habitats.

3.2. Phylogeographic Patterns in Coastal Salt Marshes and Inland Saline Plant Populations

Phylogenetic and phylogeographic studies revealed a range of evolutionary patterns
across coastal and inland saline habitats (Table 2). Several taxa exhibited geographically
structured lineages associated with habitat type or region. In Sarcocornia (=Salicornia),
coastal and inland populations formed distinct phylogenetic clades, indicating the pres-
ence of separate evolutionary lineages. Similarly, studies of Salicornia identified clades
associated with tidal, supratidal, and inland habitats, with evidence for cryptic taxa and
ecological differentiation.

Geographic structuring was also evident in Triglochin maritima, where two major ge-
netic groups were identified, corresponding broadly to Atlantic populations and North
Sea/Baltic-inland populations. In Cuscuta pacifica and C. salina, closely related sister taxa
exhibited a parapatric distribution associated with coastal and inland habitat specialisation.
Molecular phylogenetic analyses of Suaeda subgenus Brezia similarly revealed differentia-
tion associated with habitat type and separate coastal and inland colonisation histories.

At broader taxonomic scales, studies of the Salicornioideae subfamily showed con-
trasting phylogeographic patterns between coastal and inland lineages, with coastal taxa
generally exhibiting greater dispersal and inland taxa displaying more restricted distri-
butions. Ruppia species exhibited particularly complex phylogeographic patterns char-
acterised by hybridisation, habitat-linked divergence, and varying levels of connectivity
among populations.

Not all studies reported habitat-associated phylogeographic structure. Analyses of
multiple Egyptian halophytic taxa indicated that genetic clustering corresponded more
closely with taxonomic relationships than with habitat type. Likewise, studies incorpo-
rating multiple halophytic taxa identified genetic discontinuities between coastal and
inland populations, although these patterns were frequently associated with historical
recolonisation processes and refugial dynamics. Overall, the studies included in this review
demonstrate that phylogeographic structure in halophytes is often associated with habitat
type, geography, and historical biogeographic processes, although the strength and nature
of these patterns vary among taxa.
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Table 2. Phylogenetic/Phylogeographic Structure of Halophytes in different regions. Taxonomic note:
Sarcocornia is currently treated as part of Salicornia following molecular phylogenetic evidence [48].
Historical species names used in the original studies are retained in the table where appropriate and

indicated as Sarcocornia (=Salicornia).

Phylogenetic/Phylogeographic

Taxon Regions Pattern Notes Citation
, - . Coastal and inland
Sﬁrcoc.ornza' Coastal & Inland DlStlr}Ct phylp genetic clades populations form separate  [37,51-53]
(=Salicornia) associated with geography .
lineages
o Clades correspond to tidal, Cryptic taxa identified;

Salicornia Coastal & Inland supratidal, inland habitats ecological differentiation [54-56]

Two major genetic groups Coastal populations
Triglochin maritima Coastal & Inland  (Atlantic vs. North Sea/Baltic  originated from inland [57]

& inland) refugia
Cu§cuta pacifica/C. Coastal & Inland S1.ste}‘ species, parapatric Coas.ta! vs. inland habitat 58]
salina distribution specialization

. Molecular phylogeny shows Coastal vs. inland
Suaeda subg. Brezia Coastal & Inland differentiation by habitat colonization events 591
Salicornioideae C.O astal hn.eages show higher Salt tolerance evolved in
. Coastal & Inland  dispersal; inland lineages more : [55,60]

(subfamily) . coastal habitats

restricted

High phylogeographic Coastal populatlons more

. d . Cqe . connected; inland taxa
Ruppia spp. Coastal & Inland ~ complexity with hybridisation . [29,31,61]
Yy : show ecological
and habitat-linked divergence T
specialization

Multiple halophytic Genetic discontinuities Patterns linked to
taxa/Multiple Coastal & Inland ~ between coastal and inland postglacial recolonisation  [29]
halophytes populations and refugia
Egyptian halophytic Genetic clustering reflects Suggests phylogeny may
taxa Mixed Coastal & Inland  taxonomic relationships rather  override environmental [46]
halophytes (Egypt) than habitat separation

3.3. Drivers of Genetic Differentiation in Coastal and Inland Halophytes

A range of historical, ecological, demographic, and evolutionary processes were identi-
fied as drivers of genetic differentiation between coastal and inland halophyte populations
(Table 3). Salinity-mediated ecological selection and habitat shifts associated with environ-
mental gradients were among the most frequently reported mechanisms, each identified
in approximately 15% of the included studies. Habitat fragmentation, dispersal capacity,
allopatric speciation, hybridisation and polyploidy, and restricted gene flow were each
reported in approximately 10% of studies.

Less frequently reported drivers included historical refugia, founder effects and bot-
tlenecks, and anthropogenic influences, each occurring in approximately 5% of studies.
Several studies identified multiple interacting drivers, indicating that genetic differentiation
is rarely attributable to a single process. Habitat fragmentation and restricted gene flow
were commonly associated with increased population differentiation in inland habitats,
whereas differences in dispersal capacity were frequently linked to contrasting patterns
of connectivity between coastal and inland populations. Historical processes, including
refugial persistence and postglacial recolonisation, were also reported to contribute to
contemporary phylogeographic structure.
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Table 3. Drivers of Differentiation Between Coastal and Inland Halophytes.
Driver Effect/Mechanism Example/Notes Citation
. . . Suaeda, Salicornia
Ecological drivers Salinity gra.dlent:.;, habltat. - Supported in ~50% of studies; strongest  [40,42,44]
fragmentation; dispersal limitation .
in inland systems
Glacial refugia; postglacial Triglochin maritima, Salicornioideae
Historical drivers recolonisation; marine Strong evidence in European datasets; [55,57,60]
transgression/regression moderate elsewhere
e i Ruppia, Salicornia, Suaeda
Evolutionary drivers Hybr1d1§ atlon,.p(.)lypl.mdy, . Documented in ~30% of studies; often [31,61]
allopatric speciation; introgression .
taxon-specific
. . Increased genetic differentiation in L . .
Habitat fragmentation . X . Inland Suaeda maritima, Sperqularia media  [40,41]
isolated inland populations
Historical refugia Inlan(?l sites acted as refuglfi or Trzglo.chm- maritima postglacial [57]
steppingstones for recolonization colonization
Founder Reduced diversity, distinct Inland Suaeda maritima, Baltic Sea
g . . [40]
effects /bottlenecks subclusters in inland populations ~ populations
. . Coastal populations show higher . . .
Dispersal capacity connectivity and shared haplotypes Salicornioideae, Ruppia [31,60]
Allopatric speciation Isolation 1n.1n-1 and .habltats Salicornia persica, Cuscuta spp. [43,58]
produces distinct lineages
Anthropogemc Creat19n of m.lar}d saline sites . Suaeda maritima inland populations [62]
influences sometimes mimics natural refugia
Habitat . . . . . . .
shifts/environmental D.rlves' morphologlcal /ecological T:zgloc'hm, .Sarcocorn%a (Sarcocornia [31,63]
. diversification (=Salicornia)), Ruppia
gradients
Hybridisation & Increases genetic complexity and High genetic diversity and cryptic [31,61]
polyploidy promotes lineage divergence lineages in Ruppia !
Limits connectivity between inland .
Restricted gene flow  populations, increasing Inland salt marsh populations show [40,41]

Overall, the studies indicate that genetic differentiation between coastal and inland

halophyte populations is shaped by a combination of ecological selection, historical biogeo-
graphic processes, habitat connectivity, and evolutionary divergence, with multiple drivers
often operating simultaneously within the same taxonomic group.

3.4. Case Study

Evidence from different regions reveals that some halophytic plant taxa occur in both
coastal and inland saline environments; nevertheless, specific comparative insights are best
shown through targeted case studies. A particularly informative example is offered by
phylogeographic and population genetic studies on Triglochin maritima, which have been
widely explored in Europe utilizing chloroplast DNA (cpDNA) and nuclear markers [52].
These studies showed a strong distinction between inland and coastal populations, with
inland populations frequently having lower haplotype diversity but higher genetic struc-
ture, indicating isolation in glacial refugia and limited contemporaneous gene flow [52].
Coastal populations, on the other hand, have increased haplotype sharing and lower differ-
entiation, indicating better connection and postglacial recolonization dynamics [52]. This
case study, therefore, provides a well-supported example of how historical processes and
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habitat connectivity interact to shape contrasting phylogeographic patterns between coastal
and inland halophyte populations.

Molecular studies of African halophytes like Salicornia, mainly based on DNA barcod-
ing markers (such as ITS and plastid regions), have shown cryptic diversity and ecological
differentiation across coastal salt marshes and inland saline systems [53,54]. These patterns
are similar but less well resolved. While these studies demonstrate genetic divergence
between habitat types, they generally report lesser resolution in haplotype structure and
population-level indices compared to European Triglochin datasets, mostly due to variations
in marker choice and sampling intensity [52]. Furthermore, inland populations in South
African systems exhibit signs of fragmentation and decreased gene flow [58], similar to
patterns seen in European systems, while coastal populations tend to show greater genetic
connectivity, possibly due to hydrochory and waterbird-mediated dispersal [52].

The strength of inference regarding genetic differentiation, such as estimates of hap-
lotype diversity, population structure (e.g., F_ST), and gene flow, depends heavily on the
molecular markers used, despite the fact that consistent ecological and evolutionary pro-
cesses function across regions. While research in African systems that depend on barcoding
markers may underestimate fine-scale population differentiation, high-resolution markers
utilized in European studies allow for more detailed detection of phylogeographic structure.

In Asia, particularly China and East Asia, halophyte research is also relatively well
developed and increasingly incorporates modern molecular techniques such as DNA bar-
coding and phylogenomic approaches. Studies have highlighted the importance of inland
and coastal saline habitats for halophyte diversity, particularly within families such as
Chenopodiaceae and Poaceae, where species distribution patterns reflect both environ-
mental adaptation and geographic structuring [44]. In addition, phylogeographic analyses
in Korea and Japan, such as those on Suaeda malacosperma, reveal distinct genetic clusters
shaped by historical range shifts and post-glacial gene flow via land bridge [64]. While
slightly less extensive than Europe in terms of long-term phylogeographic synthesis, Asian
studies are rapidly expanding and increasingly contribute high-resolution insights into
halophyte evolution. In contrast, African halophyte systems remain comparatively under-
represented in the global literature, despite their ecological importance. In South Africa,
genera such as Salicornia and Sarcocornia exhibit significant ecological and morphological
diversification across coastal salt marshes and inland saline environments. However, avail-
able studies are fewer and often focus on taxonomic clarification or ecological distribution
rather than large-scale phylogeographic reconstruction. Nonetheless, existing research
has documented the presence of cryptic diversity and rapid diversification within these
taxa [53,56], suggesting that African systems may hold substantial but still underexplored
evolutionary signal.

4. Discussion

This systematic literature review demonstrates that genetic diversity and phylogeo-
graphic structure in halophytic plant species are shaped by a combination of ecological
connectivity, dispersal processes, and historical environmental change. Across the reviewed
studies, a clear geographical pattern emerges in terms of research intensity, with most ge-
netic and phylogeographic work concentrated in Europe and parts of Asia, while Africa
and other southern Hemisphere regions remain comparatively underrepresented.

4.1. Which Molecular Markers and Genetic Diversity Metrics Are Most Frequently Used in
Phylogeographic Studies of Halophytes?

Phylogeographic studies of halophytes have depended on a reasonably uniform
set of molecular markers and genetic diversity indices, while their use varies accord-
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ing to study objectives and technical improvements [65]. Markers, particularly chloro-
plast DNA (cpDNA), are ideal for reconstructing historical lineage divergence and seed-
mediated dispersal pathways, as demonstrated in studies on Triglochin maritima and Sal-
icornioideae [29,30,66]. These datasets are often analyzed using haplotype-based metrics
such as haplotype diversity (Hd) and nucleotide diversity (7), which are effective for
detecting phylogeographic structure and historical isolation [30,66]. Nuclear ribosomal
markers, specifically internal transcribed spacer (ITS) sections, are also frequently utilized
to supplement cpDNA by providing biparental perspectives; however, their resolution at
the population level may be limited by paralogy [65,67].

Although their use in halophyte systems is still relatively restricted and uneven
across regions, single-nucleotide polymorphisms (SNPs) derived from next-generation
sequencing techniques have more recently provided genome-wide resolution of both
neutral and adaptive variation, enabling more reliable inference of population structure
and selection [53]. The most often published metrics in halophyte phylogeographic research
are still cpDNA-based haplotype analysis and F-statistics, especially F_ST. However, as
the reviewed literature reflects, variation in marker choice and analytical approaches
complicates direct comparisons among studies. In order to improve inference of gene flow,
historical processes, and adaptive differentiation in coastal and inland saline environments,
there is a need for greater methodological consistency or integrative approaches that
combine multiple marker systems.

Direct comparisons of genetic diversity indices across halophyte studies must be inter-
preted with caution because the included research employed a wide range of molecular
markers, each with distinct inheritance patterns, mutation rates, and analytical resolution.
As summarised in Table 1, RAPDs revealed high intrapopulational diversity in Atriplex
halimus [47], rDNA variants highlighted tidal gradient structuring in Salicornia spp. [48],
AFLPs and MS-AFLPs demonstrated strong epigenetic differentiation in Spartina alterniflora
and Borrichia frutescens [29], cpSSR markers captured phylogeographic disjunctions in
Hordeum marinum and H. gussoneanum [49], and RAPDs/ITS revealed ecological differentia-
tion in Sesuvium portulacastrum [50]. These examples illustrate that while broad qualitative
patterns of connectivity and divergence can be identified, quantitative comparisons of
heterozygosity (He) or haplotype diversity (Hd) across marker systems are not directly
comparable. This limitation has been noted in similar reviews of non-halophytic plants,
which emphasise methodological heterogeneity and call for greater standardisation and
genomic approaches in future phylogeographic research.

4.2. How Does Research Effort Vary?

Geographical disparities are evident in halophyte phylogeography research effort and
methodological techniques, with Europe being the most well-studied region, followed by
portions of Asia, while Africa and other places continue to be relatively underrepresented.
Dense sampling designs, wide geographic coverage, and the use of several, frequently
high-resolution molecular markers (such as cpDNA in conjunction with SSRs or SNPs)
are characteristics of European studies that allow for the precise reconstruction of histor-
ical processes like glacial refugia, postglacial recolonization, and fine-scale population
structure [29,30].

On the other hand, Asian research, especially from China, has grown quickly but
frequently focuses on species identification, salinity-driven adaptation, and distribution
patterns. It often uses DNA barcoding markers (such as ITS and plastid regions) and
more restricted population-level sampling, which can limit phylogeographic inference [53].
Despite evidence of similar ecological processes like habitat fragmentation and dispersal
limitation, African studies are still scarce and are typically characterized by smaller sample
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sizes, fewer loci, and a reliance on lower-resolution markers, leading to more fragmented
insights into genetic diversity and connectivity [67]. The need for more balanced sampling
and the adoption of integrative, standardized molecular approaches across regions is high-
lighted by these regional differences in research intensity and methodological resolution,
which restrict cross-regional comparability and contribute to a bias toward well-studied
temperate systems.

4.3. How Does Genetic and Haplotype Diversity Differ Between Coastal and Inland
Halophyte Populations?

Across all regions, a consistent pattern emerges in which coastal populations exhibit
higher genetic and haplotype diversity, whereas inland populations show reduced diver-
sity and increased genetic structuring. European research provides compelling evidence
for this pattern, especially in species like Suaeda maritima and Spergularia media, where
inland populations exhibit distinct signs of genetic bottlenecks, decreased diversity, and
greater differentiation [40,41]. Similarly, studies conducted in Asia, such as those on Suaeda
salsa and multi-species datasets from China, show that coastal populations have higher
haplotype richness than their inland equivalents [42,44].

Coastal communities, on the other hand, tend to have more within-population genetic
variety due to increased connectivity; however, the underlying determinants of this trend
differ by region. In Europe, coastal halophytes have a high genetic diversity due to
postglacial recolonisation, secondary contact across lineages, and successful dispersal
pathways such as hydrochory, which increase gene flow and haplotype mixing [29,30].
Environmental factors, most particularly salinity, dominate the shaping of genetic diversity
throughout Asia, with local adaptation contributing to population differences even where
migration is allowed [53].

Although evidence is limited in African systems, genetic diversity appears to be influ-
enced by a combination of habitat fragmentation, episodic connectivity, and biotic dispersal
mechanisms such as waterbird-mediated transport, which allows for long-distance gene
flow between otherwise isolated saline habitats [68,69]. However, the scarcity of studies
and the limited use of standardised genetic diversity metrics like haplotype diversity (Hd)
and anticipated heterozygosity (H_E) make regional comparisons difficult. As a result,
while roughly similar drivers such as dispersal, environmental selection, and historical
processes exist across regions, their relative relevance and detectability vary, resulting in
stronger and more resolved inferences in Europe and parts of Asia than in Africa.

4.4. What Phylogenetic and Phylogeographic Patterns Distinguish Coastal and Inland Halophyte
Populations, and How Consistent Are These Patterns?

Phylogenetic and phylogeographic investigations demonstrate distinct geographic
patterns in halophyte populations, which frequently correspond to coastal and inland
environments. In Europe, the best evidence for such structuring is found, with well-
defined lineages reported in genera such as Triglochin and Salicornia, which are frequently
related to postglacial recolonization processes and refugial dynamics [54,55,57]. During the
Pleistocene glaciations, ice sheets blanketed most of northern and central Europe, forcing
halophytic species to southern refugia (such as the Iberian, Mediterranean, and Black Sea
regions) [40,41,57].

Due to limited gene exchange and long-term separate lineage evolution, this geo-
graphic isolation caused population divergence [57]. These refugial populations spread
northward during glacial retreat, creating secondary contact zones where different lineages
interacted and occasionally intermingled [57]. Considerable phylogeographic splits were
produced by these cycles of isolation and expansion, which frequently manifested as dis-
crete haplotype groups and strong population heterogeneity between regions [57]. While
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interior populations remained more isolated, maintaining traces of past fragmentation and
divergence, recolonization pathways promoted increased connectedness and haplotype
sharing in coastal systems [40,41]. Consequently, European halophytes frequently exhibit
strong genetic structuring shaped by glacial history, making this region one of the clearest
examples of how past climatic events have driven phylogeographic differentiation between
coastal and inland populations.

Asian studies also reveal extensive phylogeographic structuring, particularly in genera
like Suaeda, where lineage divergence has been heavily impacted by historical climatic
changes and changing environmental conditions [42,44]. In contrast to Europe, where
glaciation was the primary driver, phylogeographic patterns in Asia are more intimately
tied to monsoonal dynamics, aridification cycles, and sea-level variations, which repeatedly
altered the breadth and connectivity of coastal and interior saline habitats [42]. For example,
variations in the East Asian monsoon and the growth and contraction of inland deserts
and saline basins resulted in alternating periods of population isolation and connection,
fostering both divergence and secondary contact across lineages [42,44]. The distribution
of salt marshes and tidal flats in coastal areas was impacted by Quaternary sea-level
fluctuations, which shaped genetic connections and dispersal routes [16]. Even though
these processes have produced distinct phylogeographic groupings and evidence of salinity-
driven adaptation, many Asian studies are still regionally focused and frequently rely on
lower-resolution markers and fewer taxa than European datasets, which may make it more
difficult to find broader comparative patterns and deeper historical structure [41,42].

In contrast, phylogeographic evidence from coastal and inland saline habitats in Africa
is limited. Existing research suggests the existence of genetic divergence and possibly
cryptic variation [54], but a lack of thorough sampling and high-resolution genomic data
limits the ability to reconstruct detailed evolutionary histories. Nonetheless, Southern
African paleoenvironmental dynamics are vital for understanding these patterns. Unlike
the Northern Hemisphere, this region did not experience substantial glaciation; instead,
long-term climate variability, particularly variations in aridity, rainfall regimes, and sea-
level fluctuations, may have shaped the distribution and interconnection of coastal and
inland saline systems.

Increased aridity likely contributed to the expansion of inland salt pans and habitat
fragmentation, but wetter periods may have improved system connectedness. Furthermore,
biotic dispersal, particularly via migratory waterbirds, is seen as a critical mechanism for
facilitating long-distance gene flow between otherwise isolated saline habitats, allowing
propagules to migrate between coastal and inland environments [67]. This combination
of climatic variability and episodic dispersal is likely to have influenced genetic structure
in ways distinct from glaciation-driven systems, but the scarcity of region-specific phylo-
geographic studies limits robust inference, highlighting a significant gap in understanding
halophyte evolution in Southern Hemisphere ecosystems [67]. Others, such as Ruppia,
have a high phylogeographic complexity due to hybridisation and introgression [31],
demonstrating that evolutionary processes can differ significantly between taxa.

4.5. What Are the Primary Drivers of Genetic Differentiation Between Coastal and Inland
Halophyte Populations, and How Consistently Are These Drivers Supported Across Studies?
The primary drivers of genetic differentiation include restricted gene flow, historical
processes, environmental selection, and habitat fragmentation, although their relative
importance varies across studies. Habitat fragmentation and restricted gene flow operate
primarily through the physical isolation of populations in inland saline systems, where
discontinuous habitats such as salt pans and inland depressions limit dispersal and reduce
pollen and seed exchange. This results in increased genetic structuring and reduced
connectivity, particularly evident in European studies of Suaeda maritima and Sperqularia
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media, which show strong population differentiation and limited gene flow among isolated
sites [40,41]. While direct measurements of dispersal limitation are restricted to a subset
of studies, broader support is inferred from consistent patterns of elevated inland genetic
structure across taxa.

Historical processes, including glacial refugia and postglacial recolonisation, act
through long-term spatial isolation followed by range expansion, leading to founder
effects, lineage sorting, and secondary contact zones. These mechanisms are especially
well resolved in European systems due to detailed palaeoclimatic history, providing a clear
framework for interpreting phylogeographic breaks [57], whereas in Asian systems, similar
processes are inferred but with lower temporal resolution. Environmental selection, partic-
ularly along salinity gradients, drives genetic differentiation through differential survival
and reproduction of genotypes adapted to varying osmotic and ionic conditions. This form
of selection can generate divergence even in the presence of gene flow, as demonstrated
in Arabidopsis, Salicornia, and Suaeda, where salinity tolerance correlates with population
genetic structure across regions [42].

Additional mechanisms such as dispersal limitation, hybridisation, and polyploidy
further shape genetic patterns. Dispersal limitation reduces effective gene flow between
coastal and inland habitats due to barriers to seed and pollen movement, whereas coastal
systems often maintain higher connectivity through water-mediated dispersal [31,60]. In
some taxa, hybridisation and polyploidy generate additional genetic diversity by increasing
allelic variation and facilitating lineage diversification [60]. Collectively, these processes
interact to produce the observed spatial genetic structure, with inland populations generally
exhibiting stronger differentiation than coastal populations due to reduced connectivity
and stronger environmental filtering [31].

4.6. How Does Geographic Research Bias Influence Current Understanding of
Halophyte Phylogeography?

The literature has a clear regional bias, with Europe and Asia dominating phylogeo-
graphic research while Africa and other Southern Hemisphere regions remain compara-
tively underrepresented. The majority of published studies originate from European and
Asian systems and frequently employ more advanced molecular approaches, including
multi-locus datasets and next-generation sequencing (NGS) techniques, which provide
higher-resolution insights into population structure, gene flow, and evolutionary history.
In contrast, African halophyte research remains more limited in scope, although this is
beginning to change [68]. In South Africa, recent applications of NGS-based approaches
(e.g., RAD-seq and genome-wide SNP analyses) are emerging, particularly in biodiversity
and conservation genomics, demonstrating increasing capacity to resolve fine-scale popula-
tion structure in both terrestrial and coastal systems. However, these approaches have not
yet been widely applied to inland saline systems such as salt pans, which remain largely
underexplored despite their ecological and evolutionary significance.

This imbalance is not solely explained by economic constraints but also reflects differ-
ences in research focus and historical scientific priorities. Much of the existing halophyte
phylogeographic work in Africa has concentrated on coastal salt marshes, with studies
on taxa such as Juncus, Zostera, Triglochin and Salicornia [69-72] primarily focusing on
estuarine and intertidal systems, while largely excluding inland saline environments. As a
result, inland salt pans and ephemeral saline systems remain poorly integrated into broader
phylogeographic frameworks, despite their potential to provide key insights into isolation,
adaptation, and dispersal processes. This creates a significant knowledge gap, particularly
in regions such as southern Africa, where coastal and inland systems occur in proximity
but are rarely studied together within a unified evolutionary context.
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While economic disparities in research output (e.g., GDP-linked productivity patterns)
have been shown to contribute to global scientific asymmetries [73], in the context of
halophyte phylogeography, the issue is also driven by limited thematic integration and
uneven sampling priorities. Consequently, biodiversity-rich regions such as southern
Africa are not only undersampled but also underutilised in terms of their comparative
evolutionary potential. The emerging use of NGS technologies in South African research
highlights a clear opportunity to bridge this gap, particularly by integrating coastal and
inland saline systems within a single phylogeographic framework.

Overall, this study demonstrates that while broad patterns of coastal-inland genetic
differentiation are globally consistent, the strength, resolution, and interpretability of
these patterns are strongly influenced by regional research effort and methodological
investment. European and Asian systems therefore provide the most detailed evolutionary
reconstructions, whereas Africa, South America, and Australia remain important frontiers
for halophyte phylogeographic research. Although recent studies from Australia have
begun to address broader evolutionary questions using high-resolution phylogenomic
approaches, such as the reconstruction of diversification patterns in Tecticornia and related
Salicornieae lineages [74], population-level studies explicitly comparing coastal and inland
saline populations remain comparatively scarce.

Lastly, while habitat fragmentation, restricted gene flow, historical refugia, salinity-
mediated selection, and dispersal capacity emerged as the most frequently reported drivers
of genetic differentiation in the studies reviewed, the evolutionary dynamics of halophyte
populations are likely influenced by a broader suite of interacting factors. Species age
and evolutionary history may determine the time available for lineage divergence and
the accumulation of genetic variation [75,76], while geographic range size can influence
both population connectivity and opportunities for local adaptation [77,78]. Differences
in sampling extent and geographic coverage among studies may also affect the detec-
tion of genetic structure and phylogeographic patterns. Furthermore, population size
and demographic processes, including population expansion, contraction, bottlenecks,
and extinction—recolonisation dynamics, can strongly influence levels of genetic diversity
within and among populations [79,80]. Historical climatic fluctuations and postglacial
recolonisation events have similarly been shown to shape contemporary patterns of genetic
structure across many plant taxa [80]. The direction and magnitude of dispersal between
coastal and inland habitats may further influence connectivity and divergence, particularly
where past shifts in habitat distribution have facilitated range expansion or secondary
contact among populations. Consequently, the drivers identified in this review should be
viewed as the most frequently reported mechanisms within the available literature rather
than an exhaustive explanation of the processes governing halophyte genetic diversity
and phylogeographic structure. Addressing this imbalance through increased geographic
coverage, integration of inland salt pan systems, and wider adoption of genomic tools
is essential for achieving a more complete and representative global understanding of
halophyte evolutionary ecology.

5. Conclusions

This systematic literature review shows that halophytic plant species’ genetic diver-
sity and phylogeographic structure are influenced by a consistent set of ecological and
evolutionary processes, including habitat fragmentation, dispersal limitation, environmen-
tal selection, and historical climatic change. Across the research examined, a consistent
trend emerges that coastal populations have more genetic and haplotype diversity and
greater connectedness, whereas inland populations have lower diversity, stronger genetic
structuring, and greater population isolation. These patterns are congruent with theoretical
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predictions of gene flow and drift in fragmented landscapes, and they are observed across
multiple taxa and locations.

However, the intensity and resolution of these conclusions are not universally applica-
ble. The existing understanding of halophyte genetic diversity is spatially skewed, with
the majority of high-resolution phylogenetic research focusing on Europe and parts of Asia.
These areas benefit from long-term research investments, intense sampling, and the use of
modern genetic technologies, which enable thorough reconstruction of population structure
and evolutionary history. African saline environments, including inland salt pans and estu-
ary systems, are considerably underrepresented, with current studies frequently limited
in taxonomic coverage and methodological resolution. As a result, Northern Hemisphere
datasets have a disproportionate influence on worldwide halophyte phylogeography.

It is therefore recommended that future research prioritise (i) increased geographic
coverage of underrepresented regions, particularly African, South American and Aus-
tralian inland saline systems, (ii) the integration of coastal and inland habitats within
unified phylogeographic frameworks, and (iii) broader adoption of high-resolution ge-
nomic approaches (e.g., SNP-based and next-generation sequencing methods) to improve
comparability across regions and taxa. Importantly, future studies should not only expand
sampling due to financial or logistical capacity, but also strategically address underexplored
systems, such as inland salt pans in southern Africa. These systems have been historically
overlooked despite their high potential for resolving key questions in dispersal, isolation,
and adaptation. Strengthening research in these systems, particularly through emerging
genomic capacity in regions such as South Africa, will be essential for achieving a more
balanced and globally representative understanding of halophyte evolutionary ecology in a
changing climate. Inland saline ecosystems, though globally understudied, hold significant
conservation importance. Their unique genetic lineages and adaptive strategies are critical
for maintaining biodiversity under increasing anthropogenic pressures and climate-driven
aridity. Recognising and protecting these systems is essential for safeguarding global
saline biodiversity.
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