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ABSTRACT
Aim: To integrate the historical and contemporary connectivity of Branchinecta gaini (B. gaini), in order to better predict future 
distribution changes within its fragmented, dynamic and isolated habitat range.
Location: The study covers 20 locations of freshwater ecosystems across B. gaini distribution within the maritime Antarctic, 
sub- Antarctic South Georgia, Falkland/Malvinas Islands and southern South America (SSA).
Methods: We used two mitochondrial DNA loci and 7446 SNP markers to assess genetic diversity, population structure and 
connectivity of B. gaini. Additionally, we applied an ensemble ecological niche modelling (ENM) approach to project current and 
future species distributions under various climate scenarios.
Results: High genetic diversity was found in most sampled locations, with SSA exhibiting the greatest variation in terms of hap-
lotype and nucleotide diversities. Antarctica exhibits short topologies with a limited number of shared haplotypes among its dif-
ferent regions. Overall, there is significant genetic and phylogeographic differentiation among biogeographic regions. Historical 
demographic analyses indicated population expansion in Antarctic regions but stability in SSA. Contemporary population struc-
ture analyses revealed six genetic clusters with limited gene flow and a clear pattern of isolation by distance. Ecological model-
ling suggested future habitat loss in the sub- Antarctic and potential expansion in Antarctic regions.
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Main Conclusions: Our integration of historical and contemporary connectivity potentially provides a solid foundation for the 
development of conservation strategies, especially in fragile areas with dramatic changes projected. The strong genetic structur-
ing and limited connectivity of B. gaini across its range highlight the need for region- specific conservation strategies. These find-
ings emphasise the importance of integrating genetic and ecological approaches to predict species' responses to environmental 
change and guide conservation strategies for vulnerable Antarctic freshwater ecosystems.

1   |   Introduction

Climatic gradients over geological time at different geo-
graphic scales and tempos have underpinned the composi-
tion and distribution of modern landscapes and their biotas 
(Norris et al. 2013; Turner 2013). Currently, polar and subpo-
lar regions, both Arctic and Antarctic, show strong evidence 
of rapid climate change, amplifying the well- documented 
global trends and affecting terrestrial and freshwater ecosys-
tems, communities and species (Convey 2011; Lee et al. 2017; 
Quayle et  al.  2002, 2003; Spaulding et  al.  2010). Maritime 
Antarctic freshwater habitats are among the fastest- changing 
environments on Earth (Peck  2005). In particular, the 
Antarctic Peninsula shows the most significant projected fu-
ture changes in climate by the end of the current century (Lee 
et  al.  2017). Climate change affects many aspects of ecosys-
tem functions, but not all respond with the same sensitivity 
to different regional climate scenarios. Research on the re-
silience of organisms to environmental changes has primar-
ily focused on temperature change, but other environmental 
factors, including humidity, precipitation, wind- flow patterns 
on land and ocean currents are also likely to be important 
(Peck  2005). The Antarctic environment is one of the few 
large- scale ecosystems worldwide where abiotic factors (e.g., 
moisture, temperature) are more important than biotic factors 
(e.g., competition, herbivory, predation) in shaping population 
structure (Convey 1996; Hogg et al. 2006). In this sense, polar 
freshwater bodies and their invertebrate fauna may act as 
early and sensitive detectors of environmental changes, where 
snow and ice cover variation markedly affects many key eco-
logical variables (Quayle et al. 2002). Additionally, ecological 
and physicochemical conditions in freshwater environments 
in the maritime Antarctic can vary markedly over short dis-
tances (Butler 1999; Peck 2005). Understanding how multiple 
climate- related environmental parameters may limit species 
distributions is essential for predicting how each parameter 
will affect species and populations over both contemporary 
and evolutionary timescales.

The freshwater fauna of the maritime Antarctic (a region in-
cluding the western Antarctic Peninsula and Scotia Arc archi-
pelagos; Convey and Biersma 2024) and sub- Antarctic is a tiny 
fraction of regional diversity (Terauds et al. 2025). Over mil-
lions of years of isolation, this unique biota have evolved and 
radiated, at the same time evolving varying degrees of toler-
ance to multiple environmental stresses. As the climate cooled 
from the mid- Miocene to the Last Glacial Maximum (LGM) 
during the Quaternary, Antarctic and sub- Antarctic regions 
experienced multiple cycles of continental-  or island- scale ice 
sheet expansion and contraction, which are widely assumed 
to have caused severe extinction, leaving a legacy of impov-
erished Antarctic and sub- Antarctic terrestrial and microbial 

diversity (Baird et  al.  2021; Convey et  al.  2020; Pointing 
et  al.  2015; Tytgat et  al.  2023). Recent molecular phylogeo-
graphic and classical biogeographic studies have overturned 
a long- held paradigm of complete wipe- out of pre- existing di-
versity. These studies suggest long- term persistence of perhaps 
the majority of Antarctica's extant terrestrial and freshwater 
biota, with estimated persistence ranging from hundreds of 
thousands to multi- million- year timescales (Baird et al. 2021, 
Collins et  al.  2020, Collins et  al.  2023, Convey et  al.  2020 
and the references therein, Verleyen et al. 2021). In a smaller 
number of instances, studies have proposed more recent post- 
glacial dispersal from lower latitudes (Biersma et  al.  2020; 
van de Wouw et al. 2008) and a mixture of both mechanisms 
(Maturana et al. 2022). In this context, the dispersal capacity 
of populations in a fragmented and isolated landscape could 
represent an important evolutionary mechanism determining 
the structure of contemporary biodiversity.

Animal species commonly respond to climate change by 
moving towards more suitable regions. Range shift is thus a 
key element in species histories and is often accompanied by 
changes in how the genetic diversity is displayed across space 
and in the dynamics of species interaction within their com-
munities (Hoffmann and Sgro 2011; Parmesan and Yohe 2003; 
Pauls et al. 2013). Range shifts differ from range expansions, 
as they involve range retraction at the trailing edge, and are 
also linked to biological invasions, as the migration of a spe-
cies beyond their original distribution can impact the commu-
nities they invade. Examining intraspecific genetic diversity 
provides a valuable approach to understanding how past and 
present climate change has impacted species distribution 
ranges (Pauls et  al.  2013). One of the predicted genetic con-
sequences of range shifts is a reduction in neutral genetic di-
versity at the leading edge of the changing distribution, since 
stochastically only a part of the population's overall genetic 
variation will generally have moved into the newly colonised 
habitat (Cobben et  al.  2011; Pauls et  al.  2013). Importantly, 
this genetic diversity represents the surviving lineages and 
persisting alleles, while trailing- edge lineages and alleles are 
more likely to be lost. Thus, the leading edges of natural pop-
ulations are especially relevant for the long- term conservation 
of genetic diversity and understanding of species' phylogenetic 
history and evolutionary potential (Hampe and Petit  2005; 
Hewitt 2000; Pauls et al. 2013).

Current climate change trends mirror albeit more at more 
rapid rates, those that occurred after the LGM when species 
expanded their ranges from ice- age refugia. Most phylogeo-
graphic studies provide information on how species reacted to 
climate change in the past, such as the routes and timeframes 
of (re)colonisation and identification of refugia. The identi-
fication of refugia, often associated with higher and unique 
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levels of genetic diversity, can also inform on the scale and 
tempo of past range shifts and help characterise the distribu-
tion of genetic diversity through space and time (Hewitt 1996). 
Therefore, comparison of colonisation of newly available hab-
itats from refugia during interglacial periods with currently 
expanding range areas may give a means of assessing how 
long it takes to recover pre- disturbance levels of genetic diver-
sity. This can provide essential insights into assessing species' 
responses to future climate change, for example how likely a 
species is to be able to reach projected future habitat under cli-
mate change conditions based on its past and present dispersal 
dynamics (Pauls et  al.  2013). This is particularly important 
in a changing environment, where species are confined to 
fragmented landscapes and where movement between local 
populations can affect the persistence and dynamics of entire 
meta- populations. Models to quantify the potential impacts 
of 21st century climate change in Antarctica predict that new 
ice- free areas will emerge across the Antarctic continent, with 
more than 85% of this change concentrated in the northern 
Antarctic Peninsula. Moreover, the South Orkney Islands 
are projected to become completely ice- free, with global tem-
perature rise beyond 2°C leading to a fourfold increase in ice- 
free area for this bioregion (Lee et al. 2017). Such projections 
will completely transform our view and understanding of the 
Antarctic physical environment, from the current intensely 
insular nature of Antarctic freshwater ecosystems to an in-
creasing emergence of connected habitats for both terrestrial 
and freshwater biota, potentially leading to profound impacts 
on genetic and community structure.

Crustaceans are the most diverse and well- documented fresh-
water invertebrates in Antarctic and sub- Antarctic lakes, over-
all including representatives of the eight major crustacean 
orders (Dartnall  2017; Díaz et  al.  2019). The most abundant 
and dominant crustacean species in freshwater habitats in 
maritime Antarctica are the anostracan Branchinecta gaini (B. 
gaini) (Daday 1910) and the copepod Boeckella poppei (Mrázek 
1910). The Antarctic fairy shrimp, B. gaini, is the largest fresh-
water invertebrate in Antarctic habitats. It inhabits pools 
and lakes across three Antarctic Conservation Biogeographic 
Regions (Terauds and Lee  2016), the sub- Antarctic island of 
South Georgia, southern South America (SSA), including the 
southernmost portion of the Magellanic Sub- Antarctic ecore-
gion (MSA), and the oceanic cold temperate Falkland/Malvinas 
Islands (Hawes 2009; Rosenfeld et al. 2023). Lakes and pools in 
these regions show extreme seasonality. Smaller and shallower 
water bodies may freeze in some cases completely to their 
bases during winter, while larger water masses only freeze at 
the surface (Laybourn- Parry and Wadham 2014; Walton 2008). 
Additionally, some smaller water bodies can evaporate entirely 
as the summer season progresses. Anostracans are well known 
for their resilience to hostile and highly seasonal environments 
(Delekto  2003; Lahr  1997; Wharton  2002), and B. gaini is a 
common inhabitant of freshwater bodies across these regions, 
where maritime Antarctic winter air temperature regularly 
falls below −30°C for short periods, and monthly averages drop 
to c. −15°C (Pugh et al. 2002). Moreover, as with other mem-
bers of its family, its eggs can survive the complete drying out 
of small pools. This element of the species' life history strategy 
is key to its success and survival in the extreme and variable 
Antarctic environment (Peck 2004).

In this study, we integrate historical biogeography, contem-
porary population genetics and ENM to assess how climate 
change has shaped and will continue to influence the dis-
tribution and genetic structure of B. gaini, a key species of 
Antarctic and sub- Antarctic freshwater habitats. By analys-
ing mitochondrial and SNP markers, we evaluate patterns of 
genetic diversity, population connectivity and demographic 
history to infer past colonisation routes and potential refu-
gia. We hypothesise that the current distribution and genetic 
structure of B. gaini reflect historical climate oscillations 
and are shaped primarily by abiotic environmental variables. 
Given that range shifts and genetic diversity restructuring are 
common responses to climate change, we employ an ENM ap-
proach to predict B. gaini's distribution under current and fu-
ture scenarios. This work addresses the urgent call to increase 
understanding of how biodiversity change is triggered by past 
and current climate change over time and space, especially in 
one of the most vulnerable—and under- researched—ecosys-
tems on Earth.

2   |   Materials and Methods

2.1   |   Datasets for Molecular, Niche Modelling 
Analyses and Geographic Coverage

The molecular dataset used in this study was compiled from 
two different sources (1) specimens of B. gaini collected 
from freshwater lakes, ponds and small pools in 20 loca-
tions across three biogeographic provinces (Table  S1, and 
Gañán 2023 dataset GBIF) and (2) retrieved sequences from 
B. gaini from additional locations in Antarctica, and B. gran-
ulosa from Argentinean Patagonia (Table  S1). We decided 
to include these latter sequences since both species are dis-
tributed in SSA (but see Rogers et  al.  2021), frequently mis-
identified (see Cohen 1992 for details and Pokorný et al. 2024 
for further references) and have not accumulated enough 
genetic differentiation to consider them two separate spe-
cies (Pokorný et  al.  2024). It is important to notice that we 
only included genetically closest populations of B. granulosa 
that were in all species delimitation analyses performed by 
Pokorný et al. (2024) grouped as the same species as B. gaini. 
The occurrence dataset used in the ENM was also compiled 
from two different sources: (1) new occurrences from B. gaini 
collected during our sampling and (2) published occurrences 
collated from scientific literature reporting sampling or taxo-
nomic revision of B. gaini. The three biogeographic provinces 
considered in both datasets include the following six regions 
(see Table S1): (1) SSA, including the Magellanic Subantarctic 
Ecoregion (Rozzi et al. 2012), Tierra del Fuego and the grass-
land ecoregion of Argentinean Patagonia (Olson et al. 2001), 
(2) the core sub- Antarctic island of South Georgia (SGI) includ-
ing Bird Island and (3) the maritime Antarctic region (MA), 
including specifically the following regions (i) South Orkney 
Islands (SOI), (ii) South Shetland Islands (SSI), (iii) west-
ern Antarctic Peninsula (WAP) and (iv) northeast Antarctic 
Peninsula (NEAP). Notice that the Falkland/Malvinas Islands 
(FMI) were considered only for the occurrence dataset in 
ENM from published records since we were unable to collect 
B. gaini individuals for genetic analyses. All freshly collected 
specimens were preserved in a fridge in 95% ethanol. DNA 
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extractions were carried out using the DNA Blood and Tissue 
Kit (Qiagen, USA) with a modified protocol for small amounts 
of tissue Maturana et al. 2021. The quantity and integrity of 
DNA were measured using Qubit 4 (Thermo, USA).

2.2   |   Environmental Data

We extracted 19 bioclimatic variables and the bioscd vari-
able from the CHELSA database (www. chels a-  clima te. org, 
Table  S2), with a spatial resolution of approximately 30 arc- 
seconds (~1 km) (Karger et  al.  2017). These variables were 
clipped to the study area, which, in the case of Antarctica, 
corresponds to ice- free areas. The current ice- free layer was 
defined using the rock_outcrop_high_res_polygon (Burton- 
Johnson et  al.  2016) from the Antarctic Digital Database 
(ADD version 7; http:// www. add. scar. org). For future projec-
tions, we used ice- free area data provided by Lee et al. (2017). 
To assess multicollinearity among predictor variables, we 
calculated Pearson correlation coefficients and excluded vari-
ables with r- values > 0.75 to ensure the independence of the 
predictors (Supporting Information S2). The final set of vari-
ables included BIO1 (Annual Mean Temperature), BIO5 (Max 
Temperature of Warmest Month), BIO6 (Min Temperature of 
Coldest Month), BIO12 (annual precipitation), BIO15 (precipi-
tation seasonality) and BIO SCD (snow cover days).

2.3   |   DNA Sequences, SNP Calling and Filtering

To address historical and contemporary connectivity across the 
distribution of B. gaini, we conducted analyses using two data-
sets. For the historical perspective, we used partial fragments 
of two mitochondrial genes (cox1 and 16S rRNA), and for more 
recent genetic connectivity, we used the Reduce Representation 
Sequencing (RRS) technique to produce Single Nucleotide 
Polymorphisms (SNPs). For the historical perspective, we in-
cluded samples from SSA (n = 30), SGI (n = 31), and MA (n = 233). 
For the more recent connectivity, we only included samples 
from SGI (n = 24) and MA (n = 162). Mitochondrial genes were 
amplified using PCR (Supporting Information S3). Amplicons 
were purified and sequenced in both directions by Macrogen 
Inc. (Santiago, Chile). Alignments were obtained using the 
standard algorithm of MUSCLE 5.1 (Edgar 2004) implemented 
in Geneious R10 (https:// www. genei ous. com). Forward and re-
verse sequences were manually examined using Phred scores 
to ensure all sequenced bases matched and were of good qual-
ity. For RRS, samples were paired- end sequenced through a 
genotyping- by- sequencing (GBS) method at the Biotechnology 
Center in the University of Wisconsin using, after optimisation, 
the PstI/MspI restriction enzymes. Libraries were prepared 
using a HiSeq2000 (Illumina, USA) platform. All samples have 
sequences of a single length (151 bp). After enzyme digestion, 
it was linked to a barcode adaptor to recognise it in silico and 
libraries were prepared using a HiSeq2000 (Illumina, USA) 
platform. Reads were visualised in FastQC 0.10.1 for qual-
ity checking with a minimum coverage of 25X. SNP calling 
was carried out with the pipeline Universal Network- Enabled 
Analysis Kit (UNEAK) in Tassel v. 3 (Lu et al. 2013). We used 
a minor allele frequency of 0.05, a minimum proportion of sites 
present of 0.7 and a site minimum call rate of 0.75 to ensure 

that at least 75% of the individuals in each SNP were covered for 
at least one tag. After filtering, we estimated Hardy- Weinberg 
equilibrium (HWE) deviations per locus and per population 
with Arlequin 3.5.2.2 (Excoffier and Lischer 2010) using 10,000 
permutations. p- values were corrected with a false discovery 
rate (FDR) correction (q- value = 0.05), and SNPs that appeared 
in HW disequilibrium in at least 60% of the populations were 
removed from the dataset. This approach ensures the reliabil-
ity of our inferences regarding population structure, avoiding 
sequencing artefacts, in alignment with recommended prac-
tices for population genetics in non- model organisms (Pearman 
et al. 2022).

To retain only neutral markers, we used two population differen-
tiation analyses to identify SNPs potentially under diversifying 
selection. These SNPs were eliminated from the final dataset. 
The first analysis was performed using the pcadapt v.4.3.3 
(Luu et  al.  2017) R package. This approach uses a Principal 
Component Analysis (PCA) to detect population structure. 
Then, each SNP is regressed at the principal components (PCs) 
retained. Here, 10 PCs were retained based on their eigenvalues 
(Cattell 1966). We applied a statistical test to the PCA when re-
gressing SNPs with the PCs, and a cut- off of q- value = 0.05 was 
selected to assign the outliers. This analysis is not impacted by 
admixed individuals because pcadapt does not require group-
ing individuals into populations (Luu et  al.  2017). Second, we 
used an FST outlier approach implemented in Bayescan 2.1 (Foll 
and Gaggiotti 2008), which uses a Bayesian method to estimate 
the probability of each locus being under the influence of selec-
tion. Considering that such loci tend to be highly differentiated 
and exacerbate the genetic structure, those identified were not 
considered for analyses. A total of five separate runs were per-
formed with 500,000 iterations, a 10% burn- in period and a prior 
odds of 1000 were used. To avoid the occurrence of false posi-
tives using both approaches, an FDR correction of q- value = 0.05 
was applied. Outliers detected by either or both approaches were 
eliminated (filtered) from the final dataset, with the aim of high-
lighting demographic isolation and assessing connectivity pat-
terns. After filtering, a final dataset of 7446 non- outlier SNPs 
genotyped from 186 individuals was obtained.

2.4   |   Historical Genetic Diversity, Structure 
and Genealogical Reconstruction

Genetic polymorphism levels were determined for both cox1 and 
16S loci using standard diversity indices, including number of 
haplotypes (K), number of segregation sites (S), haplotype di-
versity (H), average number of pairwise differences (Π) and nu-
cleotide diversity (π), using DnaSP v5.10.01 (Librado and Rozas 
2009). Genealogical relationships were reconstructed using 
median- joining haplotype networks in PopART (http:// popart. 
otago. ac. nz). We estimated levels of genetic differentiation for 
cox1 among the six sampled regions through mean pairwise 
differences (ΦST, using Kimura- 2P genetic distances) and hap-
lotype frequencies (FST) in ARLEQUIN v3.5.2.2 (Excoffier and 
Lischer 2010), using 10,000 permutations to assess significance. 
To test statistical significance of differentiation, we performed 
a permutation test (20,000 iterations). The p- value for pairwise 
ΦST and FST between populations was corrected using the false 
discovery rate correction (FDR; Benjamini et al. 2005).
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2.5   |   Inference of Historical Events on B. gaini 
Population Dynamics

We estimated population dynamics through time for each demo-
graphic unit using the Bayesian Skyline Plot (BSP) method im-
plemented in BEAST v2.4.7, based on the cox1 marker. We used a 
population substitution rate of tenfold the evolutionary rate (18% 
per million years) to estimate the time of expansion of each demo-
graphic unit, as this more accurately reflects the rate at which new 
haplotypes appear (Ho et al. 2008). This better accounts for the 
time- dependence of molecular evolution at the population level, 
brings divergence estimates closer to the present and avoids over- 
estimation of recent splits in intraspecific lineages (Ho et al. 2008, 
2011). As suggested by these authors, molecular studies at the pop-
ulation level display much higher substitution rates (i.e., within 
clades) than the mutation rates (i.e., fixed mutations among clades) 
inferred from phylogenetic analyses. The two independent MCMC 
calculations were run for 30 × 106 generations (sampled every 1000 
iterations), discarding the first 10% of parameter values as burn- in. 
The convergence of runs was confirmed with Tracer v1.6.

To evaluate the long- term persistence of Antarctic and sub- 
Antarctic populations of B. gaini, we used a DIYABC Random 
Forest v1.0 (Collin et al. 2021), a supervised machine learning 
method implemented in an approximate Bayesian computation 
(ABC) simulation- based method. The ABC- RF approach enables 
efficient discrimination among scenarios and estimation of the 
posterior probability of the best scenarios with a lower computa-
tion burden. Two different models were built to examine extinc-
tion or refugia hypotheses using cox1 analyses (for more details, 
see Supporting Information  S4). We first conducted the pre- 
evaluation scenario and estimation of historical, demographic 
and mutational posterior distribution to check whether the dif-
ferent proposed models and priors were approximated the target 
(Cornuet et al. 2010). Additionally, we compared the posterior 
probabilities of two contrasting scenarios with common priors 
distributions of effective population sizes (N, Nb), times (tn) given 
by the starting and ending dates of the LGM and mutation rates 
(μ) from closely related taxa (see Supporting Information S5). In 
the first scenario, we proposed the extinction of populations lo-
cated south of the Antarctic Polar Front (APF), with subsequent 
post- glacial recolonisation of the MA and core sub- Antarctic 
regions from SSA. In the second scenario 2, we proposed an 
in  situ Antarctic refuge or refugees providing intra- regional 
source(s) of postglacial recolonisation within the MA and core 
sub- Antarctic South Georgia (see Supporting Information S4).

2.6   |   Contemporary Population Structure 
and Gene Flow

Pairwise FST comparisons among locations were calculated using 
Genodive v.3.05 (Meirmans 2020), and significance levels were es-
timated using 10,000 permutations. Discriminant analysis of prin-
cipal components (DAPC), in the R package adegenet (Jombart 
et  al.  2010), was used to identify genetic clusters, using the in-
formation about the geographical origin of each individual. The 
function optim.a.score() was used to estimate the optimal number 
of PCs to retain for the DAPC; here, 9 PCs were retained. The op-
timal number of clusters for DAPC was estimated with k- means 
clustering, using the Bayesian information criterion (BIC) in the 

function find.clusters using 100,000 iterations, 9 PCs and four dis-
criminant functions. Using Structure 2.3.4 (Pritchard et al. 2000), 
we evaluated the probability of the assignment of a given indi-
vidual to a genetic cluster using 10 replicate runs performed in 
parallel using Strauto (Chhatre and Emerson 2017) with 500,000 
MCMC and 10% burn- in. The optimal k- values for Structure 
were estimated using Evanno's method (Evanno et al. 2005) and 
ln(Pr(X|K)) values, to identify the k value for which Pr(K = k) is 
highest (Pritchard et al. 2000). We considered different k- values 
(e.g., different clustering results) with biological meaning for our 
discussion (Meirmans 2015; Porras- Hurtado et al. 2013).

We estimated contemporary migration rates between clusters 
(identified previously with structure analyses) using BA3- SNPs 
(Mussmann et  al.  2019), a modified version of the software 
BayesAss 3.04 (Wilson and Rannala 2003) for next- generation 
sequence data. For these estimations, we used 500,000 iterations 
and a 10% burn- in.

2.7   |   Geographic and Environmental 
Contributions to B. gaini's Genetic Structure

Geographic distance between B. gaini populations was calcu-
lated using GPS coordinates (latitude and longitude) converted 
into kilometres with the earth.dist function from the Fossil 
package (v0.4.0). Environmental variables for each population 
location were used to compute pairwise Euclidean distances 
with the vegdist function from the Vegan package (v2.6–8). All 
distance matrices, including the genetic distance matrix, were 
standardised using the scale function to ensure comparability 
across variables. To evaluate the relative contributions of geo-
graphic and environmental factors to contemporary genetic dif-
ferentiation in B. gaini, a Multivariate Matrix Regression with 
Randomization analysis (MMRR) was performed using the 
lgrMMRR function from the PopGenReport package with 10,000 
permutations (Wang et al. 2013). This method allowed us to test 
the significance and effect size of geographic and environmental 
predictors on genetic distance. Additionally, pairwise correla-
tions between the genetic distance matrix and each explanatory 
distance matrix (geographic and environmental) were analysed 
using Mantel tests implemented in the Vegan package. Mantel 
tests were performed with Pearson correlation and 10,000 per-
mutations to assess the significance of these relationships. All 
statistical analyses and visualisations were conducted in R ver-
sion 4.2.2 (R Core Team 2024).

2.8   |   Ecological Niche Modelling

The occurrence dataset comprised our field observations and 
published records, totalling 56 occurrences of the species across 
the cold- temperate Falkland/Malvinas Islands, the sub- Antarctic 
island of South Georgia, the Magellanic sub- Antarctic ecoregion 
(MSA) and the maritime Antarctic regions (see Table S1). To mi-
nimise spatial bias, the dataset was pre- filtered to retain only one 
occurrence per square kilometre. An ensemble modelling ap-
proach was employed using the biomod2 package (Thuiller et al. 
2009), implemented in R v. 4.2.3 (R Core Team 2024). The model-
ling techniques used to predict the distribution of B. gaini across 
the study area included RF, ANN, CTA, GBM, FDA, MARS, 
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6 of 16 Diversity and Distributions, 2025

GLM, MAXENT, MAXNET and SER. Model selection was based 
on True Skill Statistics (TSS ≥ 0.6) (Allouche et al. 2006), Receiver 
Operating Characteristic (ROC ≥ 0.8) index and the Boyce index 
(Boyce et  al.  2002). The variable importance function assessed 
each predictor's impact, with higher values signifying greater sig-
nificance, although interactions were not considered.

To assess potential changes of B. gaini distributions due to cli-
mate change, projections were created for current and future 
periods. Specifically, we modelled for the periods 2041–2070 
and 2070–2100. Two Shared Socioeconomic Pathways, SSP3- 7.0 
and SSP5- 8.5, were employed to represent different emissions 
scenarios: a middle- emission, sustainability- focused future 
and a high- emission, fossil- fuel- intensive future, respectively 
(IPCC 2021). This enabled comparative analysis of species dis-
tribution expansion or contraction under varying climate con-
ditions. QGIS Version 3.40.7 (QGIS Geographic Information 
System, 2024. QGIS Geographic Information System. Open 
Source Geospatial Foundation Project http:// qgis. osgeo. org) was 
used to visualise the results, producing distribution maps for 
the terrestrial environment. These maps show species presence 

probability, with more intense colours indicating areas of higher 
likelihood. Binary projections identified suitable habitat areas 
(binary value = 1) and unsuitable areas (binary value = 0).

3   |   Results

3.1   |   Contrasting Historical Diversity in B. gaini 
Across Biogeographic Regions

We collected samples from 20 freshwater sites across the spe-
cies' reported distribution in MA, SGI and SSA (Figure 1; for 
more detail, see Table S1 and Gañán 2023). We obtained 295 
sequences for cox1 and 101 for 16S rRNA of 673 and 411 bp, 
respectively, with no stop codons and no indels. For the cox1 
dataset (Table  1), levels of haplotype diversity were high for 
most of the sampling locations (HdSSA = 0.94, HdSGI = 0.58 and 
HdMA = 0.93). The highest genetic diversity, in terms of nucle-
otide and haplotype diversity, was for SSA (Table  1). Except 
for NEAP, localities within MA displayed similar values of 
genetic diversity. The cox1 median- joining network identified 

FIGURE 1    |    Distribution map of Branchinecta gaini. Circles correspond to records of occurrence across their distribution in SSA, the cold- 
temperate island of the Falkland/Malvinas, the sub- Antarctic Island of South Georgia (SGI) and the Maritime Antarctic (MA). The records were re-
trieved from published literature (green dots) and our sampling (red dots). Purple area corresponds to the current habitat suitability predicted by the 
model. This map was created using QGIS v.3.40.7 ‘Bratislava’. Base layers: Coastline_high_res_polygon, Rock_outcrop_high_res_polygon available 
from the Scientific Committee for Antarctic Research (SCAR) Antarctic Digital Database (ADD Version 7; http:// www. add. scar. org). These data are 
licensed according to Creative Commons CC- By—data are free to use, modify and redistribute.
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77 distinct haplotypes, 71 of which were private from each 
region (Figure 2). The network displays distinct haplogroups 
with only six shared haplotypes exclusively within MA (SOI, 
SSI, NEAP, WAP). SSA presented the most extended geneal-
ogy, characterised by low frequency haplotypes. In contrast, 
all regions sampled across MA exhibited a more contracted 
network, with fewer mutation steps among haplotypes 
(Figure 2). Within MA, the sampling regions display similar 
genetic diversity indices and genealogies (insets Figure  2); 
however, only the Antarctic Peninsula (both WAP and NEAP) 
exhibited significant neutrality indices (Table  1). The 16S 
rRNA locus had lower global genetic diversity (Supporting 
Information  S6), with 12 distinct haplotypes, two of which 
were shared among the different sampled locations except 
for SSA, which exhibited the greatest diversity (Supporting 
Information S7). Overall, B. gaini displayed strong genetic and 
phylogeographic structure across sampled areas, with all ΦST 
and FST values being highly significant (Table S8).

3.2   |   Historical Biogeographical Events

Bayesian Skyline Plots analyses provided historical population 
dynamics patterns for MA (SOI, NEAP, SSI, WAP), SGI, and 
SSA. For MA and SGI, we observed signals of postglacial past 
demographic changes (population expansion), in contrast with 
SSA, in which we did not detect population expansion (Figure 3). 
We compared the posterior probabilities of two historical scenar-
ios, reflecting either the extinction of Antarctic populations, with 
subsequent postglacial colonisation from SSA (Scenario 1), or 
the persistence of Antarctic populations in situ refugia (Scenario 
2) and intraregional recolonisation within MA. Our results in-
dicate that Scenario 1 was the most likely scenario with a high 
posterior probability (pp = 0.85, see Supporting Information S9).

3.3   |   Contemporary Population Diversity 
and Structure

We obtained a total of 8751 SNPs from 186 individuals of B. 
gaini across SGI and MA from the SNP calling, after applying 
filters of minimum count (0.75), minimum proportion of sites 
present (0.7), minor allele frequency (0.01) and Hardy- Weinberg 
Equilibrium (HWE). Between Bayescan and pcadapt, we de-
tected 1305 SNPs showing strong or very strong evidence of 
being potentially under diversifying selection and, in conse-
quence, were removed from the dataset. Finally, 7446 putatively 
neutral non- targeted SNPs were used to evaluate the spatial ge-
netic structure and contemporary gene flow between SGI and 
MA sampling locations.

In accordance with the results from the mDNA sequence data, 
significant geographic structure was present between the differ-
ent sampling locations (Table S1). With similar levels of genetic di-
versity (Table 2), three different approaches based on individuals 
(Structure), allele frequency (FST) and sampled locations (DAPC), 
consistently identified six well- defined clusters: Cluster 1 for SGI, 
Cluster 2 for SOI (from HEY to EMR), Cluster 3 for the SSI King 
George Island and Robert Island (from WUJ to CPP), Cluster 4 
for SSI Livingston Island (LVG), Cluster 5 for NEAP (RSS) and 
Cluster 6 for the southern part of WAP (from RTR to AVN). It is 
noteworthy to mention that the Structure software detected an 
optimal number of groups of k = 6 (Evanno's method and DeltaK), 
in agreement with DAPC, FST pattern and geographic distribu-
tion criteria. There was almost no admixture detected within the 
13 populations sampled across SGI and MA. Locations showing 
some evidence of admixture were Heywood Lake (HEY) in SOI 
and lakes from King George Island and Robert Island (WUJ, FLD, 
COPP) (Figure 4c). The populations of SGI, NEAP, LVG and SAP 
appear as isolated groups with almost no signal of admixture.

TABLE 1    |    Diversity indices and neutrality tests for cox1 of Branchinecta gaini sampled across three biogeographic provinces.

Biogeographic 
provinces Regions Code n S Π Hd K π Tajima's D Fu and Fs

Southern South 
America

Tierra del Fuego 
& Brunswick

SSA 30 22 4.572 0.938 15 0.007 −0.621 −3.867

Grassland (Argentinean 
Patagonia)

Sub- Antarctic 
islands

South Georgia SGI 31 5 1.699 0.574 4 0.003 0.967 1.833

Antarctica South Orkney Island SOI 50 8 2.167 0.753 8 0.003 0.583 −0.139

South Shetland Island SSI 58 16 2.057 0.902 17 0.003 −1.224 −8.801

West Antarctic 
Peninsula

WAP 65 20 2.297 0.906 23 0.003 −1.393 −15.891*

Nort- east Antarctic 
Peninsula

NEAP 60 20 1.160 0.747 18 0.001 −2.263* −16.853*

Maritime Antarctica 
(SOI, SSI, WAP, NEAP)

MA 233 48 2.379 0.932 58 0.004 −2.072* −69.169*

Abbreviations: Π, mean number of pairwise differences; π, nucleotide diversity; Hd, haplotype diversity; K, number of haplotypes; n, number of sequences; S, 
segregation sites.
*p < 0.05.
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8 of 16 Diversity and Distributions, 2025

3.4   |   Gene Flow

Considering the results described above, the dataset was subdi-
vided into six genetic groups for gene flow estimations: (i) SGI, 
(ii) all lakes from SOI, (iii) one SSI cluster containing lakes from 
Fildes Peninsula and Thomas Point (KGI) and Coppermine 
Peninsula, Robert Island, (iv) a second SSI cluster from 
Livingston Island (LVG), (v) James Ross Island, NEAP and (vi) 
all lakes from the southern part of WAP (Figure 4b). Very low 
levels of contemporary gene flow between these groups were es-
timated by BayesAss. Less than 1% of individuals in each popu-
lation correspond to contemporary migrants derived from other 
regions (Figure 4b), with most contemporary gene flow occur-
ring within each cluster rather than between them (Figure 4b).

3.5   |   Environmental Variables Modulating Genetic 
Distance

The MMRR regression- based model revealed a significant 
positive relationship between geographic and genetic distance 
(βD = 0.73, p < 0.001). Conversely, no significant association was 
found between environmental and genetic distance (βE = −0.16, 
p > 0.05). While the overall MMRR model, incorporating both 
predictors, was significant (p < 0.001), it explained only 32% 

of the genetic variation. Consistently, the correlation- based 
Mantel test supported these findings, revealing a moderate but 
significant correlation between B. gaini genetic distance and 
geographic distance confirmed (r = 0.43, p = 0.004, Figure  5), 
whereas no correlation was detected between genetic and envi-
ronmental distances (p = 0.750, Figure 5).

3.6   |   Ecological Niche Modelling

The ENM showed high values for the ROC (0.97), Boyce (0.80) 
and TSS (0.85) indices, indicating the robustness of the model 
for predicting the distribution of B. gaini. Of the six macroen-
vironmental variables included in the model, the maximum 
temperature of the warmest month (BIO5) contributed most to 
the ENM (43%), followed by snow cover days (BIO SCD, 24%) 
and annual precipitation (BIO12, 15%). Together, these three 
variables explained 81.4% of B. gaini's distribution (Supporting 
Information S10).

In SSA, the model suggests B. gaini may occur between 51° S and 
53° S in areas north of Torres del Paine National Park, west of 
Punta Arenas, in Yendegaia National Park (within the RBCH), 
east of Hoste Island and at ~54 to 55° S on South Georgia. In 
Antarctica, suitable habitats were projected at multiple locations 

FIGURE 2    |    Haplotype network for Branchinecta gaini based on 294 mtDNA cox1 sequences spanning the species' distribution. A neighbour- 
joining network illustrating the distribution of haplotypes across lakes in SSA, sub- Antarctic South Georgia and within maritime Antarctica. Circle 
sizes are proportional to haplotype frequency. The length of the connectors is proportional to the number of mutational steps. Locations from the 
different geographic regions are indicated on Figure 1.
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FIGURE 3    |    Historical demographic trends of the effective population size (Ne) were constructed using a Bayesian skyline plot approach based 
on Cytochrome oxidase subunit I (cox1) haplotypes of Branchinecta gaini. The y- axis is the product of effective population size (Ne) and generation 
length on a log scale, while the x- axis is the time before the present. The median estimate and 95% highest probability density (HPD) limits. The thin 
dashed line represents the time for the expansion in the population.

TABLE 2    |    Genetic Diversity for SNP- GBS of Branchinecta gaini.

Biogeographic Regions Code Pop N Al Ho He Gis

Sub- Antarctic islands SGI SGB 24 1.335 0.177 0.205 0.14

Antarctica SOI Heywood Lake (HEY) 8 1.348 0.211 0.222 0.049

Spyrogira Lake (SPR) 16 1.256 0.15 0.155 0.028

Emerald Lake (EMR) 15 1.299 0.165 0.181 0.086

Twisted Lake (TWS) 6 1.298 0.183 0.194 0.058

SSI Wukja Lake (WUJ) 7 1.267 0.173 0.169 −0.021

Fildes (FLD) 10 1.318 0.13 0.204 0.362

Coppermine (CPP) 12 1.416 0.224 0.257 0.128

Somer Lake (LVG) 24 1.323 0.188 0.199 0.052

NEAP James Ross Island (RSS) 26 1.235 0.147 0.145 −0.01

WAP Rothera Lake (RTR) 14 1.271 0.161 0.167 0.031

Lagotellerie (LGT) 8 1.188 0.126 0.122 −0.039

Avian (AVN) 16 1.291 0.172 0.184 0.063

Note: This table shows the acronyms for each location, the number of alleles corrected after rarefaction (Ar), expected heterozygosity (He), observed heterozygosity (Ho) 
and inbreeding coefficient (Gis).
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10 of 16 Diversity and Distributions, 2025

from 61.0° S to 71.0° S, including on Elephant Island, various 
parts of the South Shetland Islands, D'Urville and Joinville 
Islands and in ice- free areas east of the Trinity Peninsula (Oscar 
and Foin coasts). In the western Antarctic Peninsula, potential 
occurrence locations include ice- free parts of Davis, Brabant 
and Anvers Islands and farther south, on Renaud, Mitre and 
Adelaide Islands, the Fallieres Coast and Alexander Island (see 
Figure 6). Notably, B. gaini is currently positively confirmed to 
occur in only 8% of the total modelled suitable area.

For both time intervals (2040–2070 and 2070–2100), in SSA 
the models predicted contrasting scenarios for suitable habi-
tats compared to the current potential distribution. Habitat loss 
was projected east of Tierra del Fuego, in Yendegaia National 
Park, on Hoste Island and north of South Georgia Island under 
both SSP scenarios (Figure 6). While the sub- Antarctic shows 
a decrease in suitable habitat for B. gaini across both peri-
ods and SSP scenarios, with an approximate 50% loss in the 
2040–2070 period and a 75%–83% loss in the 2070–2100 period 
for SSP3- 7.0 and SSP5- 8.5 scenarios, respectively (Supporting 
Information  S11, and more detail see Table  3). Conversely, in 
MA, both SSP scenarios predicted a slight increase across all 
areas currently inhabited by B. gaini, with emphasis on the east-
ern Antarctic Peninsula (Figure 6). In particular, suitable habi-
tat areas for B. gaini increase under both SSP scenarios for MA 

with an increase of 27%–30% in the first period and 36%–39% in 
the second (Supporting Information S11, and for more detail see 
Table 3).

4   |   Discussion

Freshwater landscapes include considerable variation in hab-
itat complexity and physical connectivity that distinguishes 
them from terrestrial ecosystems (Grummer et  al.  2019). 
Understanding the intrinsic migratory capacities of organisms 
across different timescales, along with the environmental vari-
ables influencing this process, is required to understand how 
connectivity is shaped in aquatic species. These intrinsic and 
external factors are essential for predicting how environmen-
tal changes will impact freshwater invertebrates and their evo-
lutionary potential. In this study, we used indirect approaches 
to evaluate past and current population connectivity, includ-
ing historical models and landscape genomics, together with 
projections of biological colonisation of new ice- free areas. 
This comprehensive framework provides novel insights into 
the complexity of potential range shifts triggered by contem-
porary climate change in the anostracan fairy shrimp B. gaini 
across its southern South American to the southern maritime 
Antarctic range.

FIGURE 4    |    Genetic structure of neutral SNP loci of Branchinecta gaini along the Scotia Arc (sub- Antarctic South Georgia and Maritime 
Antarctica). (a) The scatter plot of DAPC showing the first two axes, (b) gene flow estimations from BayeAss, considering six clusters (values below 
4% are not shown). Arrow directions indicate the proportion of local recruitment, and (c) the structure bar plots represent population structure with 
optima k = 6. Colours in each panel represent the assignment of individuals to each genetic cluster. Single bars with < 1 colour indicate an admixture 
of that particular individual (i.e., sharing of genetic ancestry across more than one genetic cluster).
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4.1   |   Historical Biogeography and Population 
Dynamics

Overall, our analyses demonstrate that the historical connec-
tion among the three biogeographic provinces considered—
the maritime Antarctic, core sub- Antarctic South Georgia and 
SSA—was restricted, supporting their being discrete evolution-
ary units. Even within the Antarctic provinces, we observed 
a very structured genetic diversity, with only a very limited 
number of haplotypes shared among the different sampling 
locations. Moreover, based on past demographic changes, 
haplotype networks and nucleotidic diversity, our data con-
sistently demonstrated that SSA harbours the oldest popula-
tion of B. gaini across its sampling distribution. These results 
support the recently published article of Pokorný et al. (2024), 
in which they dated the separation of B. gaini from its sister 
species B. granulosa from northern Argentinean Patagonia 
between 17 and 50 ka BP. Overall, gathering all the available 
evidence and previously hypothesised colonisation routes and 
origins (Hawes 2009; Hodgson et al. 2013), our study strongly 
supports a South American origin of Antarctic populations of 
B. gaini, during the onset of the last deglaciation process at ca 
7000–3000 BYP. Additionally, past demographic changes and 
the evaluation of possible colonisation scenarios supported 
the hypothesis that any previous Antarctic populations may 
have become extinct during the LGM (Baird et al. 2021), with 
current genetic diversity resulting from postglacial (re)col-
onisation from a less impacted region of SSA. Alternatively, 
a third scenario that we did not test and cannot rule out is 
that the Antarctic populations of Branchinecta gaini origi-
nated from colonisation(s) event(s) from South America from 

the outset, without a prior presence in Antarctic regions. To 
test this third hypothesis, it would require fossil record evi-
dence dated prior to the LGM, at least from the Pleistocene. 
Currently, there are only published records of Branchinecta 
eggs in the stratigraphic record in maritime Antarctica from 
the Holocene at ~5000 years ago (Björck et  al.  1996; Jones 
et al. 2000). The lack of an older fossil record does not allow 
us to distinguish between the scenario of extinction and recol-
onisation proposed here and this third alternative hypothesis.

Patterns of strong genetic structure, even at a small scale 
within MA, is consistent with previous analyses in B. gaini 
(Pokorný et  al.  2024), and have also been reported within 
freshwater ecosystems for the copepod Boeckella poppei 
(Centropagidae), the winged Antarctic midge Parochlus 
steinenii (Chironomidae) (Maturana et al. 2022, 2024) and di-
atoms (Verleyen et  al.  2021). Furthermore, evidence of local 
extinction of most Antarctic populations during LGM and 
subsequent population expansion following rare colonisation 
event(s) from SSA was also suggested for freshwater copepods 
(Maturana et al. 2022).

4.2   |   Contrasting Potential Colonisation 
and Contemporary Gene Flow

Spatial genetic differentiation remains the rule at a small geo-
graphic scale and a more recent temporal scale. The landscape 
genomic analyses showed the differentiation of at least six re-
gional groups of B. gaini in SGI and MA. The limited recent 
rates of effective gene flow across the species' distribution, sup-
ported by minimal observed admixture, have shaped this high 
level of genetic differentiation. These results have implications 
for understanding the consequences of dispersal limitations in 
Antarctic freshwater species, suggesting they may face difficul-
ties adapting to and dispersing in a constantly fluctuating land-
scape with rapid environmental changes, potentially leading to 
local extinctions.

4.3   |   Isolation by Distance Drives Genetic 
Structure in B. gaini

Our results indicate that IBD is the primary driver of genetic 
structure in B. gaini across its distributional range, indicat-
ing that geographic constraints on dispersal could shape ge-
netic differentiation more strongly than climatic variables. 
Dispersal in Branchinecta is primarily passive, occurring 
through wind, waterfowl and animals (Hawes  2009). While 
long- range dispersal events have been suggested in congeneric 
species (Rodríguez- Flores et al. 2017), their frequency appears 
to be low, leading to a pattern where gene flow predominantly 
occurs among geographically proximate populations, reinforc-
ing IBD. Additionally, the species' diapause strategy, in which 
cysts remain dormant in sediment until favourable conditions 
return, likely enhances population persistence while limiting 
the influence of environmental factors on genetic structure 
(Philippi et al. 2001). Although the broad- scale climatic vari-
ables integrated into our study did not explain genetic struc-
ture, we cannot discard that local physicochemical conditions 
such as photoperiod, temperature, or conductivity might 

FIGURE 5    |    Scatter plots showing the relationships between envi-
ronmental or geographic distances and genetic distance (FST) of B. gaini 
populations based on Mantel test results.
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influence population density and gene flow at a finer spatial 
scale (Brendonck 1996; Farhadi et al. 2021). Alternatively, the 
genetic structure in B. gaini may also be shaped by stochastic 
processes, density- dependent biotic interactions and microbi-
ome assemblage rather than deterministic environmental fil-
tering. For instance, for B. gaini populations within MA, we 
detected robust correlations between genetic structure and its 
microbiomes' composition (Schwob et al. 2024). This new ev-
idence of phylosymbiosis in an unexplored taxonomic group 
opens promising avenues of research to further understand 
the roles of biotic variables in shaping the Antarctic freshwa-
ter biodiversity.

4.4   |   Knowing the Past to Predict the Future

The close relationship between climate oscillations and species dis-
tribution makes the use of ENM a powerful tool; however, the spatial 
resolution employed in this study might not capture environmental 
gradients and landscape complexity that are especially important 
for small organisms such as B. gaini (Bazzato et al. 2021). In light of 
future predicted warming under both ‘moderate/mid/partial—mit-
igation’ (SSP3- 7.5) and ‘no mitigation’ (SSP5- 8.5) greenhouse gas 
emissions, both scenarios predict a significant reduction of suitable 
habitat in lower latitude SSA and core sub- Antarctic regions, in-
cluding South Georgia and parts of Tierra del Fuego, with up to 

83% habitat loss by 2100. Our demographic and phylogeographic 
analyses detected an ancient genetic diversity in the SSA popula-
tion, suggesting that this population should have survived in glacial 
and interglacial refugia through successive and historical climate 
oscillations. Therefore, we hypothesised that this population may 
present some degree of resilience to current and predicted climatic 
changes even in the case of unfavourable scenarios of habitat con-
traction. In the case of the SGI population, this displayed the lowest 
genetic diversity with two high- frequency haplotypes, and – con-
sidering the significant sampling effort on the island in areas with 
no current records—this population of B. gaini could have a fragile 
ability for the maintenance of genetic diversity. In contrast, suitable 
habitats in the MA are projected to increase. These model results 
suggest that climate change may facilitate leading- edge expansion 
into newly ice- free areas but also threaten trailing- edge populations 
in lower- latitude regions.

4.5   |   Conservation Implications and Future 
Directions

Aquatic invertebrates are often severely underrepresented in con-
servation status assessments and are often overlooked in aquatic 
conservation efforts, particularly in the Southern Hemisphere and 
SSA (Collier et  al.  2016; Contador et  al.  2012). Likewise, of the 
invertebrate groups that have been analysed in the world, the most 

FIGURE 6    |    Branchinecta gaini Ecological Niche Model for current and projected distribution for Maritime Antarctic and sub- Antarctic prov-
inces for 2040–2070 (panel a) and 2070–2100 (panel b) based on SSP3- 7.0 (orange) and SSP5- 8.5 (yellow). Different projected scenarios would oc-
cupy the current area (purple) and expand to the places marked with the corresponding colour. This map was created following the same protocol 
as Figure 1.
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threatened are those with low dispersal capacity and high local 
endemism (Collier et al. 2016). Our integration of historical and 
contemporary connectivity potentially provides a solid foundation 
for the development of conservation strategies, especially in fragile 
areas with dramatic changes projected, such as Signy Island (SOI) 
and the northern parts of the Antarctic Peninsula (Lee et al. 2017). 
The strong genetic structure and low contemporary gene flow 
highlight the need for region- specific conservation strategies for 
B. gaini. This becomes particularly relevant since no current con-
servation strategies for freshwater ecosystems or specific zona-
tion exist in the MA that consider the increasing data available 
for the existence of structured populations of Antarctic freshwa-
ter species. Our analyses suggest that lower latitude trailing edge 

populations from SSA and SGI will face higher risks due to hab-
itat loss. Therefore, conservation and management efforts should 
prioritise protecting these populations and monitoring potential 
climate- driven range shifts. Future research is required that fo-
cuses on (1) whole- genome sequencing and studying genes under 
selection to assess adaptive genetic variation and (2) experimental 
studies addressing the contribution of the microbiome to evaluate 
the species' tolerance to changing environmental conditions and 
(3) descriptive studies on changes in phenological patterns in this 
species under different climate change scenarios to assess adaptive 
responses or phenotypic plasticity.
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