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Abstract

Incorporating intraspecific genetic variation into species distribution models (SDMs) can
improve the accuracy of species distribution predictions. However, few studies have evaluated
its importance for SDMs. The pharaoh cuttlefish (Sepia pharaonis), widely distributed across
the Indo-Pacific, exhibits genetic differentiation. In this study, we investigated intraspecific
genetic variation based on mitochondrial COI and /65 rRNA sequences and integrated genetic
information into SDMs to predict distribution shifts and ecological vulnerability at the lineage
level. Phylogeographic analysis identified five lineages: Red Sea (RE), Australian (AU),
Persian Gulf and Oman Sea (PE), central Indian Ocean (CE), and western Pacific (WE) lineages.
These lineages exhibited substantial niche differentiation. At the species level, S. pharaonis
preferred waters with high primary productivity. Suitable habitats were projected to expand
southward, and relatively high ecological vulnerability was predicted in the Persian Gulf, the
South China Sea, and Malaysian coastal waters. Lineage-level models revealed divergent
climate responses masked by the species-level model. The CE and PE lineages preferred high
productivity environments, consistent with the species-level SDM prediction, whereas the AU
and WE lineages exhibited stronger tolerance to low-productivity environments. The WE and
CE lineages faced higher risks of range contraction under SSP5-8.5. The WE lineage also
harbored lower genetic diversity, potentially increasing its vulnerability to climate change. In
contrast, the AU and PE lineages were projected to expand their suitable habitats eastward
under most climate scenarios, reflecting their greater climate tolerances. This study provides
crucial information for climate-adaptive conservation and management based on more precise

taxonomic units for S. pharaonis.
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1. Introduction

Climate change driven by anthropogenic greenhouse gas emissions has significantly
altered the marine environment, including surface water temperature, salinity, sea-ice extent,
currents, and pH (Fox-Kemper et al. 2021). These changes are expected to have major effects
on marine life at both the ecological and physiological levels (Sampaio et al. 2021; Fernandes
Guerreiro et al. 2023b; Zheng et al. 2023; Zheng et al. 2024). Cephalopods exhibit rapid growth,
short lifespans, and limited generation overlap, making them highly sensitive to climate change
(Xiang et al. 2025). They are keystone species in marine ecosystems and play a crucial role in
maintaining biodiversity and ecological balance (Vinagre et al. 2025). Given their high
sensitivity to climate change and important ecological and economic roles, several studies have
indicated that cephalopods may shift their distributions toward higher latitudes or deeper waters
to search for suitable niches under climate change (Schickele et al. 2021; Fernandes Guerreiro
et al. 2023a; Fernandes Guerreiro et al. 2023b; Wang et al. 2026). Thus, exploring the potential
distribution of economically and ecologically important cephalopod species under future
climate scenarios can provide valuable information for the effective conservation and

management of these species (Huang et al. 2024).

The pharaoh cuttlefish, Sepia pharaonis Ehrenberg, 1831, is an important neritic
cephalopod that supports fisheries and aquaculture throughout the Indo-Pacific (Song et al.
2021). Its short lifespan and sensitivity to climate change can produce rapid changes in
abundance and distribution, complicating stock assessments and fisheries management (Pecl
and Jackson 2008; Arkhipkin et al. 2021). For example, Sasikumar et al. (2013) reported that
rising temperatures accelerated growth and advanced sexual maturation in the early post-
monsoon recruits of S. pharaonis. Between 1997 and 2019, the catching of S. pharaonis in the
waters of southern Iran declined by approximately 44%, from about 9,000 to 5,000 t. This sharp
decline may have been associated with excessive fishing pressure, as annual catches exceeded
the estimated maximum sustainable yield (Hashemi and Doustdar 2021). Meanwhile, the [UCN
Red List assessment classifies S. pharaonis as Data Deficient (DD), indicating that insufficient
information is available to assess its risk of extinction (Barratt and Allcock 2012). Existing
research on S. pharaonis has focused on phylogeography, reproductive biology, aquaculture,
and fishery exploitation, yet relatively few studies have investigated how climate change affects
its habitat suitability. Therefore, it is essential to predict its suitable habitat and distribution
shifts under current and future climate scenarios. Moreover, different lineages within the same
species may exhibit distinct responses to climate change. Previous studies have provided
preliminary evidence of genetic differentiation in S. pharaonis (Farhadi and Anderson 2021).
This genetic differentiation may be associated with differences in environmental tolerance and
ecological preferences among lineages. Thus, it is critical to characterize the ecological niches

and geographic distribution patterns of its distinct lineages to improve predictions of their
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responses to climate change.

Species distribution models (SDMs) represent very useful tools and have been widely
applied in habitat suitability modeling over the past few decades (Elith and Leathwick 2009;
Zurell et al. 2020; Davies et al. 2023). These models establish relationships between species
distributions and environmental conditions based on species occurrence data and environmental
variables. They can be used to predict the future potential distribution of species when predictor
variables are derived from future climate scenarios (Sillero et al. 2021). Traditional SDMs
commonly assume ecological niche conservatism, meaning that species’ environmental
tolerances remain constant over time. This assumption ignores potential local adaptation
associated with population divergence, which may compromise the accuracy of model
predictions (Hallfors et al. 2016; Ikeda et al. 2017; Lu et al. 2024). For species with substantial
genetic differentiation, overlooking ecological differences among geographic lineages may
obscure their distinct responses to environmental change (D’Amen et al. 2013; Héllfors et al.
2016; Shan et al. 2025). Meanwhile, several studies have emphasized that considering genetic
structure and local adaptation when constructing SDMs can improve model performance
(Gonzalez et al. 2011; Ikeda et al. 2017; Chardon et al. 2020). For example, Wu et al. (2024)
demonstrated that integrating genetic structure into modeling enables lineage-level SDMs to
provide a more detailed understanding of changes in population distributions. Therefore,
constructing lineage-level SDMs can improve predictions of potential distributions and
facilitate a more mechanistic understanding of species’ adaptations and responses to changing

environmental conditions.

In this study, we characterized the genetic structure and ecological niche differentiation of
S. pharaonis and projected its distribution shifts under different climate scenarios at both the
species and lineage levels. The main objectives of this research were to (1) integrate global
genetic data to assess the genetic diversity and differentiation of S. pharaonis; (2) quantify
niche differentiation among lineages and construct SDMs at the species and lineage levels to
predict current suitable habitat; (3) predict changes in suitable habitat area, habitat gains and
losses, and distribution centroid shifts under future climate scenarios. Our findings can provide
a scientific basis for developing adaptive conservation and management strategies for S.

pharaonis.

2. Materials and methods

2.1 Data collection and processing

This study compiled a total of 91 COI sequences and 51 165 rRNA sequences from five
geographic regions: the Red Sea, Australia, the Persian Gulf and the Oman Sea, the central

Indian Ocean, and the western Pacific. The COI dataset included 15, 6, 14, 40, and 16 sequences
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from these regions, respectively, and the /6S rRNA dataset included 5, 5, 12, 13, and 16
sequences, respectively. Compared with the datasets used in previous studies, we added 44 CO/
sequences and 20 /6S rRNA sequences from GenBank (http://www.ncbi.nlm.nih.gov/) and
published literature. The associated source publications are listed in Table S1. First, the COI
and /65 rRNA sequences were aligned using MAFFT (Katoh et al. 2002). The local ambiguities
in the alignments were removed with Gblocks under default parameters, and the resulting
fragments were concatenated (Castresana 2000). Subsequently, measures of population genetic
diversity (i.e., haplotype diversity, nucleotide diversity, and the average number of nucleotide
differences) were calculated with DnaSP6 (Rozas et al. 2017). Next, analysis of molecular
variance (AMOVA) was performed in Arlequin v3.5.2.2, with significance tested through
10,000 permutations (Excoffier and Lischer 2010). Genetic differentiation among populations
was assessed by F values using Arlequin v3.5.2.2. In addition, haplotypes were identified from
aligned sequences, and a median-joining haplotype network was constructed using PopART
v1.7 (Leigh and Bryant 2015). Finally, a phylogenetic tree was constructed using the maximum
likelihood (ML) method based on the Kimura 2-parameter (K2P) model in MEGA 12 (Kumar
et al. 2024) and visualized using iTOL v6 (Letunic and Bork 2024).

A large number of species occurrence records enable more comprehensive characterization
and modeling of the species’ ecological niche (Breiner et al. 2015). Our study collected reliable
occurrence data from the Global Biodiversity Information Facility (GBIF, https://www.gbif.org)
and the Ocean Biogeographic Information System (OBIS, https://obis.org). In addition, we
performed an exhaustive literature search spanning the period 2000-2025 to expand spatial
sampling coverage and improve the predictive reliability of species distribution models. From
the initial search yield of more than 4,590 articles, we retained only 35 articles that reported
specific location data or sampling maps (Table S2). Subsequently, species occurrence data were
extracted from these sampling maps using the georeferencing module in ArcGIS 10.8.1. Next,
the R package spThin was used to spatially thin the occurrence records, retaining only one
record per 5.5 km x 5.5 km grid cell to minimize spatial autocorrelation (Wang et al. 2026).
Finally, a total of 1,177 occurrence records were retained, including 8, 873, 25, 175, and 96 for
the RE, AU, PE, CE, and WE lineages of S. pharaonis, respectively. Because RE contained
only 8 occurrence records after spatial filtering, it was not included in the lineage-level SDM
projections to avoid unreliable model fitting and overinterpretation (Li et al. 2022). Therefore,

lineage-level SDMs were constructed only for the AU, PE, CE, and WE lineages (Fig. 1).
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Fig. 1 Distribution of available occurrence points for Sepia pharaonis.

2.2 Environmental variables

Given data availability and the potential relationships between species occurrence and
environmental variables, we initially selected seven environmental variables that may impact
the distribution of S. pharaonis: temperature, salinity, topographic slope, depth, primary
productivity, dissolved oxygen, and pH. Temperature was included because experiments have
shown that it affects cuttlefish egg hatching (Palmegiano and D’Apote 1983). Salinity was
included because experimental studies have shown that it affects embryonic development and
physiological responses to low salinity in this species (Peng et al. 2017; Wu et al. 2021). Depth
and topographic slope were included to represent bathymetric variation across the study area.
Given the lack of spatially comprehensive prey-distribution data, we used primary productivity
as a proxy for food-web productivity (Shan et al. 2025). Dissolved oxygen and pH were
considered because oxygen availability can limit cuttlefish distributions and lower pH can alter

cuttlebone calcification (Fernandes Guerreiro et al. 2023a).

With a spatial resolution of 0.05° (approximately 5.5 km x 5.5 km at the equator), all
environmental data were obtained from Bio-ORACLE version 3 (Tyberghein et al. 2012; Assis
et al. 2024). Considering that S. pharaonis is a demersal species, environmental layers were
derived from bottom-water conditions (Assis et al. 2024). The average values of environmental
variables from 2000 to 2020 were taken to represent the current environmental conditions.

Pearson correlation coefficients were calculated for each pair of variables to minimize potential
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bias caused by high covariance between variables (Johnston et al. 2018). If the absolute value
of the correlation coefficient between two variables exceeded 0.8, the less important variable
was excluded (McMabhan et al. 2020). For the WE lineage, mean water temperature (Tm) and
primary productivity (Pri) showed a relatively high Pearson correlation coefficient (» = 0.85).
Although this correlation exceeded the 0.8 threshold, both variables were retained because
temperature and primary productivity are considered ecologically important factors influencing
the distribution and population dynamics of S. pharaonis (Palmegiano and D’Apote 1983;
Ottmann et al. 2024). Ultimately, Tm (mean water temperature), Sal (mean salinity), and Pri
(mean primary productivity) were the three environmental variables kept for subsequent
analysis (Figs. S1-S5).

For future climate scenarios, Bio-ORACLE provides standardized climate layers based on
climate projections from the Coupled Model Intercomparison Project Phase 6 (CMIP6). These
projections use the Shared Socioeconomic Pathway (SSP) scenarios, which combine
socioeconomic development pathways with different levels of greenhouse gas emissions
(Burgess et al. 2023). We considered three future climate scenarios from CMIP6: SSP1-2.6,
corresponding to a sustainability oriented low emission pathway; SSP2-4.5, representing an
intermediate emission pathway; and SSP5-8.5, representing a high emission, fossil fuel
dominated pathway. Under the three SSP scenarios, projections were conducted for two future
periods: 2051-2060 and 2091-2100 (Mahmud and Osawa 2026; Wang et al. 2026).

2.3 Niche differentiation assessment

Three environmental predictors were used to describe the environmental conditions where
S. pharaonis occurred. We performed principal component analysis (PCA) on the three
environmental predictor variables (Tm, Sal, and Pri) to transform them into orthogonal
principal components (Fig. S6). We then used the R package hypervolume (Blonder et al. 2025)
to compute three-dimensional hypervolumes for each lineage (AU, CE, PE, and WE). The
hypervolume represents the size of the niche space occupied by each lineage. Subsequently, the
R package BAT was used to conduct overlap analysis of hypervolumes among lineages to assess
niche differentiation (Cardoso et al. 2026). The total niche differentiation (Protwi) consists of two
components: niche shift, which represents the replacement of space between the hypervolumes
occupied by the lineages, and niche contraction or expansion, which refers to the net differences
in the spatial extent encompassed by each niche hypervolume (Carvalho and Cardoso 2020;
Mammola and Cardoso 2020). B ranges from 0 to 1, with higher values indicating larger
dissimilarity between two hypervolumes (Carvalho and Cardoso 2020; Mammola and Cardoso
2020).

2.4 Modeling procedures

We used 10 modeling techniques based on the biomod2 package in the R platform
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(Thuiller et al. 2024). In the study area, given the practical difficulty of obtaining true absence
data, we generated pseudo-absence points for each modeling unit equal to ten times the number
of occurrence records (Barbet-Massin et al. 2012). The limited number of occurrence records
available for the lineages of S. pharaonis may lead to model overfitting. To overcome this
limitation, we applied the ensemble of small models (ESMs) strategy using the R package
ecospat, which is specifically designed for species with limited occurrence records (Breiner et
al. 2015; Di Cola et al. 2017; Wu et al. 2024). We evaluated model performance using the area
under the receiver operating characteristic curve (AUC) and the true skill statistic (TSS). Only
models that met performance thresholds (TSS > 0.8 and AUC > 0.9) were retained and
incorporated into an ensemble forecast through a weighted averaging approach (Marmion et al.
2009). In addition to TSS and AUC, we used the continuous Boyce index (CBI), a threshold-
independent metric, to measure the difference between ESM predictions and a random
distribution of known species presence points across the prediction gradient (Manzoor et al.
2018).

We then used a permutation approach to calculate the relative importance of each predictor
variable and generated response curves for the three environmental factors (Huang et al. 2024).
Species distribution projections for the present (2000-2020) and future periods (2051-2060 and
2091-2100) under three SSP scenarios were performed using the ensemble model with the
BIOMOD Projection function in the biomod?2 package. Habitat suitability was expressed as a
probability ranging from 0 to 1. For each scenario, we also quantified habitat range shifts and
distribution centroid movements. Ecological vulnerability (VE) was quantified as the signed
difference between future and present suitability. Positive values indicate habitat gain or
increased suitability, whereas negative values indicate habitat loss or decreased suitability
(Turan and Soldo 2026).

3. Results

3.1 Population genetic analysis

The genetic diversity analysis results of COI and 16S rRNA sequences for S. pharaonis
across five populations are summarized in Table 1. For the COI sequences, the total number of
segregating sites across all populations was 86, the overall haplotype diversity was 0.958, the
nucleotide diversity was 0.0489, and the average number of nucleotide differences was 21.041.
Among the five populations, the WE population exhibited the lowest haplotype and nucleotide
diversity, while the RE population displayed the highest genetic diversity. For the /6S rRNA
sequences, the total number of segregating sites was 37, the overall haplotype diversity was
0.902, the nucleotide diversity was 0.0253, and the average number of nucleotide differences
was 10.631. The PE population exhibited the lowest haplotype and nucleotide diversity among
the five populations based on the /65 rRNA data. Both COI and 765 rRNA sequences showed
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high nucleotide diversity (> 0.005) and haplotype diversity (> 0.5), indicating high genetic

diversity within S. pharaonis.

Table 1. Genetic diversity parameters of five populations in Sepia pharaonis based on COI

and /65 rRNA sequences.
Gene Populations S H Hd n K

AU 3 4 0.867 0.0028 1.200

CE 18 17 0.886 0.0052 2.281

cor PE 12 9 0.923 0.0056 2.451
RE 27 8 0.924 0.0244 10.476

WE 4 4 0.442 0.0016 0.700

AU 2 3 0.700 0.0019 0.800

CE 4 5 0.756 0.0029 1.205

16S IRNA PE 0 1 0.000 0.0000 0.000
RE 1 2 0.400 0.0010 0.400

WE 5 5 0.742 0.0027 1.133

Genetic diversity parameters included the number of segregating sites (S), the number of
haplotypes (H), haplotype diversity (Hd), nucleotide diversity (x), and average number of

nucleotide differences (K).

The population structure among five populations of S. pharaonis was assessed using
analysis of molecular variance (AMOVA) and pairwise Fi values. AMOVA results based on the
COI sequences showed that 88.06% (P < 0.001) of genetic variation occurred among
populations, while 11.94% occurred within populations. AMOVA results based on /65 rRNA
revealed that most genetic variation also occurred among populations, accounting for 94.14%
(P <0.001), with 5.86% occurring within populations (Table S3). These findings consistently
indicated that most genetic variation in S. pharaonis was distributed among populations, with
limited variation occurring within populations. Based on analyses of COIl and /65 rRNA
sequences, pairwise Fy values among the five populations ranged from 0.7767 to 0.9784 (COI)
and from 0.8796 to 0.9941 (16S rRNA). The results revealed highly significant genetic
differentiation among the five populations (P < 0.001) (Fig. 2).

Haplotype networks based on mitochondrial COI and 16S rRNA sequences were
constructed for the AU, CE, PE, RE, and WE populations. As shown in Fig. S7, the COI
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network contained 42 haplotypes and showed clear clustering by population. Haplotypes were
clearly differentiated among populations, with the major groups separated by multiple
mutational steps and connected through inferred intermediate haplotypes. The 765 rRNA
network contained 16 haplotypes and displayed a simpler topology, but the haplotypes were
also largely grouped by population. No haplotype shared by all populations was observed in

either network, further supporting the genetic differentiation among populations.
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m

R
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W

a3l

Fig. 2 F« values among five populations of Sepia pharaonis based on COI (lower diagonal)

and /65 rRNA (upper diagonal) sequences.

Phylogenetic analyses based on COI and 16S rRNA sequences showed clear genetic
structuring within S. pharaonis. The major genetic lineages largely corresponded to the five
geographically distinct areas: the AU lineage (Australia), the CE lineage (central Indian Ocean),
the PE lineage (Persian Gulf and Oman Sea), the RE lineage (Red Sea), and the WE lineage
(western Pacific). Overall, the phylogenetic patterns were consistent with the genetic

differentiation revealed by AMOVA and pairwise Fy analyses (Table S3, Fig. 3).
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Fig. 3 Maximum likelihood (ML) phylogenetic tree based on COI (a) and /65 rRNA (b)
sequences, showing genetic structure among five populations in Sepia pharaonis. Bootstrap
values above 70% are shown at the corresponding branches. Different colors represent
different populations: blue represents the Australian lineage (AU), green represents the central
Indian Ocean lineage (CE), purple represents the Persian Gulf and Oman Sea lineage (PE),

red represents the Red Sea lineage (RE), orange represents the western Pacific lineage (WE).

3.2 Niche differentiation among four lineages

PC1 was mainly associated with Pri (40.6%) and Tm (37.4%), PC2 was dominated by Sal
(76.4%), and PC3 was mainly explained by Pri (53.8%) and Tm (44.7%) (Fig. 4a). The three-
dimensional hypervolumes for AU, CE, PE, and WE were 5.25, 291.77, 670.43, and 239.94,
respectively. Comparison of Prow values from hypervolume analyses revealed substantial niche
differentiation among the four lineages. The AU lineage had a much narrower realized niche
than the other lineages, and the high Brow values primarily reflected differences in niche breadth
rather than shifts in niche position. Niche differentiation between the PE and CE lineages was
primarily driven by niche contraction/expansion, which accounted for 72.5% of Brotwi. A similar
pattern was observed between the PE and WE lineages, where niche contraction/expansion
accounted for 67.5% of Prow. In contrast, the niche differentiation between the CE and WE
lineages was mainly due to niche shift, which contributed 62.5% of Browa. The high Brow values
between the AU lineage and the other three lineages were almost entirely attributable to niche
contraction/expansion, while niche shift contributed only 0%—0.1% (Table S4). The overall
niche comparison among the four lineages indicated that their niche differentiation was mainly
associated with PC2, which was mainly explained by Sal (Fig. 4b). Pairwise niche comparisons

showed that niche differentiation between any two of the four lineages was also mainly
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Fig. 4 Contributions of three environmental variables (Sal, Tm, Pri) to the three principal
components (a); the realized niches of the four lineages of Sepia pharaonis quantified using
three-dimensional hypervolumes (b). The large blue, green, orange, and purple points indicate

the mean niche position of PE, CE, WE, and AU, respectively.

3.3 Model performance, variable importance and response curves

The predictive performance varied among modeling algorithms, as indicated by their
different TSS and AUC values. ANN, CTA, FDA, GAM, GBM, GLM, Maxent, and RF all
performed well (TSS > 0.8, AUC > 0.9) and were used to construct SDMs at both the species
and lineage levels. However, MARS was excluded from the WE model due to poor performance
(Tables S5—S7). The high TSS and AUC values of the models indicated high predictive accuracy.
The models showed differences in the relative importance of the three environmental variables.
The species-level model indicated that mean temperature was the most important predictor of
the distribution of S. pharaonis, followed by primary productivity and salinity. The lineage-
level models showed that salinity contributed most to the distribution of the AU and WE
lineages, whereas temperature was the most important predictor of the distribution of the CE
and PE lineages (Fig. S14). We also generated response curves for the three environmental
variables (mean temperature, primary productivity, and salinity) at the species and lineage
levels (Figs. S15-S19). At the species level, S. pharaonis showed low suitability at
temperatures below 20 °C and preferred environments with high primary productivity. The
species exhibited a relatively narrow salinity suitability range, with the highest suitability
centered around a salinity of approximately 35. At the lineage level, the temperature suitability
patterns of the four lineages were consistent with those at the species level. The AU, CE, and
WE lineages preferred waters with salinity around 35, consistent with the species-level results,

whereas the PE lineage showed a preference for salinity near 37. The CE and PE lineages
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exhibited preferences consistent with the species-level pattern, with both favoring waters with
high primary productivity. In contrast, the AU and WE lineages exhibited greater tolerance to

environments with low primary productivity.
3.4 SDM projections

Predicted suitable habitats of S. pharaonis differed substantially between the species-level
and lineage-level models under current climate conditions (Fig. 5). The highly suitable habitats
predicted by the species-level SDM were primarily distributed in the South China Sea, the Gulf
of Thailand, waters surrounding the Malay Archipelago, and northern Australian coastal waters.
The model predictions were generally consistent with the known distribution of S. pharaonis.
In contrast, the suitable habitat distributions predicted by the lineage-level models were
markedly different from those predicted by the species-level model. The predicted suitable
habitat areas for the PE and CE models were larger than those predicted by the species-level
model. Compared with the species-level model, the PE model predicted more suitable habitat
along the Persian Gulf, and the CE model predicted more suitable habitat along the coast of the
northern Bay of Bengal and the eastern Andaman Sea. In contrast to these two lineages, the
suitable habitat distribution predicted by the AU model was narrower than that predicted by the
species-level model. The suitable habitat distributions predicted by the species-level model and

the WE model were largely similar.

Mk 5 ,

PE CE | PE | CE
5 NNAU| = WAU]

. predicted presence | | predicted absence
0 400 800 —

Fig. 5 Potential distribution projections based on models constructed at the species (a, b) and
lineage (c, d) levels under current environmental conditions. A and ¢ were continuous maps; b

and d were binary maps.
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Compared with current climate conditions, the suitable habitat of S. pharaonis in the
species-level model showed varying degrees of southward expansion under all future climate
scenarios, resulting in an overall trend of expansion (Fig. 7). The extent of expansion differed
across climate scenarios and time periods. The areas of expansion were primarily distributed
around the South China Sea, the Philippine Islands, the Indonesian Archipelago, northern
Australia, and parts of the northwestern Indian Ocean (Fig. 6). Lineage-level predictions
differed from those of the species-level model. The suitable habitat for the CE lineage showed
limited but consistent contraction across all climate scenarios, with losses ranging from
16,274.50 to 28,435.00 km? and primarily confined to the eastern Bay of Bengal and the
Andaman Sea. Under SSP5-8.5, the suitable habitats for the AU and PE lineages experienced
eastward range contraction. The suitable habitat area of the AU lineage decreased by 14.98%—
23.22%, with habitat losses occurring primarily in northern Australian waters and the adjacent
Arafura—Timor Sea. For the PE lineage, the projected habitat loss increased from 21,538.00
km? in 2051-2060 to 57,535.50 km? in 2091-2100 (Table S8, Fig. 7). Losses of suitable habitat
occurred mainly along the Gulf of Oman, the Arabian Sea, and the western coast of India (Fig.
6). The WE model predicted that suitable habitat would remain relatively stable under most
scenarios. However, under both the SSP5-8.5 and SSP1-2.6 scenarios, the suitable habitat
contracted northward with habitat loss concentrated in the Gulf of Thailand, the central South
China Sea, and waters surrounding the Philippine Islands (Table S8, Fig. 6). Overall, the
species-level model showed a sustained expansion trend, whereas the lineage-level models
revealed divergent habitat change patterns among lineages, particularly under SSP5-8.5 (Table
S8, Figs. S20-S24).
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Fig. 6 Changes in the suitable habitat of Sepia pharaonis predicted by the species-level model
(a) and lineage-level models (b) under SSP5-8.5 in 2091-2100.
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Fig. 7 Suitable habitat changes and distribution centroids of Sepia pharaonis at the species
and lineage levels under different climate scenarios. The upper panels showed the areas of
habitat contraction, stability, and expansion (a), and the lower panels showed evolution of

distribution centroids of Sepia pharaonis (b).

Additionally, predicted shifts in suitable habitat differed markedly between the species-
level and lineage-level SDMs across future climate scenarios and time periods (Fig. 7). At the
species level, the centroid displacement was greater in 2091-2100 (415.37 km) than in 2051—
2060 (368.63 km) under SSP1-2.6, whereas a shorter centroid displacement was projected for
2091-2100 than for 2051-2060 under SSP2-4.5 and SSP5-8.5. At the lineage level, the AU
lineage showed relatively small centroid displacement under SSP1-2.6 and SSP2-4.5, but its
centroid displacement increased sharply from 108.44 km in 2051-2060 to 368.43 km in 2091—
2100 under SSP5-8.5. The CE lineage exhibited the greatest average centroid displacement
(393.96 km) among the four lineages. The PE lineage displayed slightly reduced centroid
displacement in 2091-2100 under SSP1-2.6 and SSP2-4.5, but a marked increase under SSP5-
8.5, from 205.08 km in 2051-2060 to 395.66 km in 2091-2100. In contrast, the WE lineage
remained almost unchanged under SSP1-2.6, decreased slightly under SSP2-4.5, and showed a
substantial reduction under SSP5-8.5, from 242.17 km in 2051-2060 to 96.56 km in 2091-2100
(Table S9, Fig. 7). In addition to shifts in distribution centroids, ecological vulnerability further
highlighted differences in climate change responses among lineages. The CE lineage may be
more vulnerable to climate change, as its suitable habitat showed increased fragmentation under
all three climate scenarios (Figs. 8 and S27). However, the WE lineage exhibited a moderate
increase in vulnerability, while the AU and PE lineages remained relatively stable under most

climate scenarios (Figs. S25-S29).
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Fig. 8 Ecological vulnerability of Sepia pharaonis predicted by species-level model (a) and
lineage-level models (b) under SSP5-8.5 in 2091-2100.

4. Discussion

4.1 Genetic diversity and differentiation of Sepia pharaonis

Genetic diversity analysis based on COI sequences revealed that the RE lineage exhibited
the highest genetic diversity, whereas the WE lineage showed the lowest. The relatively high
genetic diversity of the RE lineage may indicate long-term persistence of genetic variation in
the Red Sea, a region recognized as an important center of phylogeographic differentiation in
many marine taxa (DiBattista et al. 2016). In contrast, the particularly low genetic diversity of
the WE lineage may be associated with geographic isolation and restricted gene flow (Farhadi
and Anderson 2021; Li et al. 2026). These differences suggest distinct demographic histories

across the five lineages, which may explain their varying responses to climate change.

The marked genetic divergence observed in CO! and /65 rRNA gene data, combined with
the clear geographical segregation of haplotypes, may indicate cryptic species divergence in S.
pharaonis. Limited geographical overlap among lineages and strong genetic differentiation are
consistent with genetic patterns associated with incipient speciation. This highlights the
importance of considering intraspecific genetic variation in projecting the potential distribution

of this species when local adaptation exists.
4.2 Niche differentiation among lineages

Ecological niche analyses closely mirrored the genetic patterns, revealing substantial niche
differentiation among the four lineages. The PE lineage occupied the broadest environmental
niche and exhibited high genetic diversity based on analyses of COI sequences, suggesting that
higher genetic diversity may contribute to a broader ecological niche and enhance adaptability
to changing environmental conditions. This interpretation is consistent with previous studies

showing positive associations between genetic variation, environmental tolerance, and niche
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breadth (Sheth and Angert 2014). In contrast, the AU lineage occupied an extremely narrow
niche and showed comparatively lower genetic diversity, suggesting potentially limited
environmental tolerance. The high niche overlap between the CE and WE lineages suggested
that they had similar environmental tolerances (Hiller et al. 2019), whereas the very limited
overlap between the AU lineage and the other lineages indicated that the AU lineage may have

unique environmental preferences (Cruz et al. 2023).
4.3 Intraspecific variation in SDMs

The genetic structure identified in this study provided an important basis for constructing
lineage-level SDMs, because genetically differentiated populations might occupy non-
equivalent climatic niches and yield substantially different projections when modeled
separately (Lecocq et al. 2019; Hu et al. 2021; Zhang et al. 2021; Wu et al. 2024). Traditional
SDMs generally assume niche equivalence among populations and overlook local adaptation
and other forms of intraspecific variation (Pearman et al. 2010; Héllfors et al. 2016; Waldvogel
et al. 2020). However, this assumption may be inappropriate for species with strong
intraspecific genetic differentiation (Ikeda et al. 2017; Hu et al. 2021; Wu et al. 2024; Liu et al.
2025; Shan et al. 2025). An increasing number of studies have indicated that incorporating
intraspecific variation and local adaptation into SDMs can improve the accuracy of model
predictions (Collart et al. 2021; Zhang et al. 2021; Sun et al. 2022). This study demonstrated
clear genetic differentiation among the five lineages and substantial niche differentiation among

the four lineages of S. pharaonis.

Incorporating intraspecific genetic variation into distribution models could improve the
ecological realism and spatial precision of model predictions (Ferrer Obiol et al. 2025). The
species-level model showed broad and relatively continuous suitable habitats across northern
Australian waters and the adjacent Arafura—Timor Sea under current environmental conditions.
In contrast, the AU lineage-level model predicted a more restricted coastal distribution, with
suitable habitats concentrated along the western and eastern coasts of Australia. A review of
published literature on the distribution of S. pharaonis revealed that the documented
distribution of the AU lineage did not extend northward into the waters of northern Australia,
possibly due to temperature constraints (Ilahude et al. 2004; Jereb and Roper 2005; Anderson
et al. 2007, 2011). This finding suggested that lineage-level predictions were more consistent
with documented field distributions. Thus, these results indicated that constructing lineage-
level SDMs might improve prediction accuracy when there is clear evidence of intraspecific

genetic or niche differentiation (Zhang et al. 2021).

Habitat gain and loss analyses indicated that the species-level model yielded more
optimistic projections than the lineage-level models under future climate scenarios. This
situation was particularly apparent for the CE and WE lineages, as the lineage-level models

predicted a contracting trend in their suitable habitat ranges under most climate scenarios, while
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the species-level model predicted an obvious expanding trend. For the AU and PE lineages, the
species-level model projected an expansion of the habitat range, while the lineage-level models
projected habitat contraction under SSP5-8.5 (Figs. 6 and S20-S24). The divergent responses
of different lineages to climate change further indicated that climate change vulnerability may
vary substantially within the species, and that an overall expansion predicted at the species level
does not necessarily imply that all lineages will benefit from future climate conditions. This
may be because the species-level model assumed each lineage could endure all the climatic

conditions that the species as a whole could tolerate (Lin et al. 2024).
4.4 Conservation and fisheries management implications

For the conservation of S. pharaonis, it is important to generate predictions based on
precise management units defined by genetic lineages, rather than merely at the species level.
The results of this study suggested that the AU and PE lineages might have stronger adaptability
to climate change because they experienced habitat expansion under the SSP1-2.6 and SSP2-
4.5 scenarios, whereas the CE and WE lineages were projected to experience habitat contraction
under most climate scenarios. Considering the vulnerability of the CE and WE lineages to
climate change, conserving these two lineages should be given a higher priority. In addition, S.
pharaonis relies on shallow coastal waters during spawning and early life stages and is
particularly vulnerable to coastal trawling and overexploitation. These anthropogenic pressures
may compound the climate-driven habitat contraction and range shifts projected in this study,
thereby increasing risks to populations (Hashemi and Doustdar 2021; Setyohadi et al. 2024). In
conclusion, we recommend continuous monitoring of different genetic lineages and the
implementation of conservation and management measures tailored to each lineage,
complemented by fishing quota limits, seasonal closures during the spawning season, and

marine protected areas to support the long-term sustainability of S. pharaonis.
5. Conclusion

This study investigated the population genetic structure of S. pharaonis, and the results
revealed pronounced genetic differentiation among geographically distinct populations, which
supported the identification of five distinct lineages. In addition, we quantified the niche
differentiation among the four lineages of S. pharaonis and detected substantial niche
divergence. Based on these findings, we developed not only species-level SDMs but also
lineage-level SDMs to capture fine-scale ecological and evolutionary dynamics. We explored
the response of S. pharaonis to climate change, taking into account intraspecific genetic
variation. The different responses of the four S. pharaonis lineages to environmental variables
indicated that lineage-level SDMs may provide more accurate predictions than species-level
SDMs. The suitable habitats for the AU and PE lineages showed an overall eastward range

contraction only under SSP5-8.5, suggesting low vulnerability to climate change. However, the
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suitable habitats for the WE and CE lineages showed different degrees of northward range
contraction under future climate scenarios, with the CE lineage exhibiting a more consistent
contraction trend. These divergent trajectories demonstrated that species-level projections may
mask climate-sensitive lineages and consequently lead to overly generalized management
conclusions. Climate-adaptive management should therefore differentiate among lineages,
prioritize monitoring and habitat conservation for the CE and WE lineages, and strengthen long-

term assessment of the AU and PE lineages.
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