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Editorial on the Research Topic 


Biodiversity of Antarctic and Subantarctic ecosystems


The Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) adopted a work program (2019–2030) that included, under its first objective, the interlinkages between biodiversity and climate change (IPBES, 2019). Because most ecosystems worldwide face multiple anthropogenic pressures, however, it is difficult to disentangle the specific effects of climate change from those of others such as habitat degradation, pollution or overexploitation. Against this backdrop, the Antarctic and sub-Antarctic (ASA) regions —including some of the most pristine environments remaining on Earth— offer unparalleled opportunities to understand, evaluate and predict the impacts of climate change on biodiversity in the general absence of other confounding anthropogenic drivers. These regions serve as natural laboratories for two main reasons: first, ASA biodiversity has already endured repeated and drastic climatic oscillations over timescales ranging from decades to tens of millions of years, providing a unique archive of responses to past change; second, some ASA areas are now experiencing some of the fastest rates of warming on the planet. The South Shetland Islands, for example, have undergone profound transformations over the past four decades, including the emergence of new ice-free areas, streams and freshwater bodies (Lee et al., 2017; Petsch et al., 2022; Tóth et al., 2025). Studying these transitions provides essential insights into how climate change reshapes ecosystems when other anthropogenic drivers remain minimal.




Biodiversity under change

Evidence from terrestrial, freshwater and marine systems across the ASA highlights both the rapid pace and the complexity of ecological transformations. For instance, predictive models forecast shifts in the distribution of snow algae, predicting expansions at higher elevations but a loss of habitats on low-lying islands under warming scenarios (Gray et al.). Microbiome studies on Antarctic fairy shrimps show how host-associated microbial diversity contributes to adaptation and eco-evolutionary dynamics (Schwob et al.). In terrestrial ecosystems, nematodes (Jackson et al.) and insects (Maturana et al.) reveal how glacial history and dispersal capacity are imprinted within strong population structures. Freshwater communities, including microarthropods, respond not only to temperature but also to habitat type and vegetation structure (Bokhorst et al.). Research in the Southern Ocean reveals how dispersal, connectivity, and human activities collectively shape the resilience of benthic communities. Genetic analyses of Siphonaria lateralis, indicate that rafting provides only occasional dispersal opportunities, insufficient to prevent significant population differentiation but enough to prevent speciation, across Patagonia, the Falkland Islands/Islas Malvinas, South Georgia and Îles Kerguelen (Millán-Medina et al.). Complementary surveys in the Crozet archipelago uncover unexpectedly high shallow-water marine biodiversity, including new records and likely endemic species, while also revealing connections with other sub-Antarctic regions (Jossart et al.). Studies on the brittle star, Amphiura belgicae, reveal it to be a species complex with regionally isolated lineages, challenging the idea of a homogeneous Antarctic benthic fauna. Comparative phylogeography emerges as a valuable tool to identify shared historical processes shaping assemblages and to inform conservation efforts beyond simple species inventories (Sands et al.). Additionally, applied assessments, such as evaluating the impact of wharf construction at Rothera Research Station on Adelaide Island, demonstrate that, with effective mitigation, human activities can have minimal long-term effects on Antarctic macroepifaunal communities (Robinson et al.). Finally, phylogeographic studies of the gastropod Laevilacunaria antarctica reveal contrasting patterns of both high and low dispersal, suggesting that rafting may enable widespread connectivity despite the lack of pelagic larvae (González-Wevar et al.). Collectively, these studies depict a mosaic of unique and dynamic communities across Antarctica and the Southern Ocean, where evolutionary history, dispersal mechanisms, and human activities intersect to influence vulnerability and resilience in the face of accelerating climate change.





Conservation and governance challenges

Translating scientific advances into effective conservation policy for ASA biodiversity remains an urgent challenge (Coetzee et al., 2017; Lee et al., 2022). While many sub-Antarctic islands and their surrounding waters receive various forms of protection under the national systems of their sovereign authorities, the Southern Ocean and all land and ice south of the sixty-degree latitude parallel form the area of governance of the international Antarctic Treaty System (ATS), which was negotiated in 1959 and has been in force since 1961. The ATS provides the mechanism and means to designate and manage areas of protection (Antarctic Specially Protected Areas and Antarctic Specially Managed Areas; APSAs and ASMAs) within the regions under its jurisdiction. This process is currently achieved through the Protocol on Environmental Protection to the Antarctic Treaty, which has been in force since 1998. Despite its achievements, however, the ATS relies on consensus-based decision-making, which has hindered progress on critical issues such as climate-change recognition, ASPA and ASMA establishment, and the designation of Marine Protected Areas through the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) (Coetzee et al., 2017). Recent years have highlighted the risk of stalemate in this governance system, raising concerns about its capacity to adapt under mounting geopolitical pressures. In terrestrial and freshwater environments, additional linked policy challenges include management of non-native species, biosecurity and the conservation of rapidly emerging habitats, such as new lakes and streams revealed by glacier retreat. Effective safeguarding of ASA biodiversity requires integration of evolutionary history, ecological processes and the unique vulnerabilities of both marine and terrestrial systems.





Contribution from this Research Topic

This Research Topic addresses this challenge and emphasizes the importance of ASA biodiversity, as well as the integration of its evolutionary history across terrestrial and marine systems. The twelve contributions, including notable work from early-career researchers, cover a broad spectrum from microorganisms to top predators, illustrating how environmental factors and climate change influence ecological and evolutionary processes. Studies show how past climate history has shaped terrestrial species, while microbial and freshwater research highlight the role of diversity in adaptation. Marine-focused contributions reveal both limited dispersal patterns and unexpected endemism in benthic invertebrates, challenging assumptions of widespread connectivity across sub-Antarctic islands and the Southern Ocean. Comparative phylogeography proves to be a powerful tool for identifying shared historical processes across groups, providing a stronger foundation for conservation planning. Overall, these studies depict dynamic and diverse communities where historical legacies, dispersal mechanisms and human activities intersect, affecting vulnerability and resilience.





Looking forward

Taken together, the contributions to the Research Topic highlight the intricate interactions between historical, biological, and environmental factors that shape current ASA biodiversity. They portray a landscape of change, where climate-driven ecological reorganization manifests in shifts in microbiome diversity, species distribution and community restructuring. These findings emphasize the pressing need for long-term monitoring, adaptive conservation strategies and governance frameworks that can bridge the gap between science and policy. By integrating insights across ecosystems and taxa, this article collection provides a vital scientific foundation for confronting the challenges that climate change poses to some of the planet’s most fragile and unique ecosystems.
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How the near-shore marine benthic communities survived Quaternary glaciations in Antarctica is a major question for Southern Ocean biogeographers. Several hypotheses that consider life-history traits, such as bathymetric ranges and developmental modes, have been proposed. Near-shore species with high dispersive potential are expected to show star-like genealogies, with broadly distributed haplotypes surrounded by closely related variants at low frequencies, a consequence of rapid population post-glacial expansion mediated by larvae. By contrast, shallow-water taxa with low dispersal potential are expected to evidence marked genetic structure or even consist of separate cryptic species, due to their survival in small refugial populations subject to repeated bottlenecks. In this study we performed phylogeographic analyses on the high-latitude littorinid Laevilacunaria antarctica across its distribution from maritime Antarctica to South Georgia. This species is a highly abundant near-shore gastropod, commonly found on macroalgae, with low autonomous vagility and exhibits benthic protected development with no free-living dispersive stages. Such characteristics make this species a suitable model to test the above hypotheses. Contrary to low dispersal potential predictions, L. antarctica comprises a single unstructured unit across its distribution in maritime Antarctica, exhibiting a typical high-dispersal star-like, short-branched genealogy centered on a dominant broadly distributed haplotype. The South Georgia population, however, consists of a separate genetic unit, strongly differentiated from those of the maritime Antarctic. We estimate that these two genetic groups separated ~1.2 My, long before the Last Glacial Maximum and evolved independently in these areas. Our results thus provide partial support for the expected pattern for a near-shore marine benthic species with low innate dispersive potential. On a wider geographic scale (maritime Antarctica vs South Georgia), our results in L. antarctica provide support for the expected pattern for a near-shore marine benthic species with low innate dispersive potential. However, on a narrower scale (maritime Antarctica) life-history characters including the close association of the species with macroalgae, would allow dispersal and a species with low dispersal potential exhibits paradoxically an absence of genetic structure across hundreds of kilometers probably mediated by rafting.



Keywords: maritime Antarctica, sub-Antarctic, South Georgia, Laevilacunaria antarctica, quaternary glaciations, postglacial recolonization, rafting, dispersal potential





Introduction

How the shallow benthic marine biota endured Quaternary glaciations, particularly the Last Glacial Maximum (LGM), is a major question in Antarctic biogeography (Barnes et al., 2006; Thatje et al., 2008; Allcock and Strugnell, 2012; Fraser et al., 2014; Riesgo et al., 2015; Chenuil et al., 2018; Crame, 2018; Lau et al., 2020; Baird et al., 2021). Ice advances across the Antarctic continental platform generated major landscape shifts and a drastic reduction of available habitats (Zachos et al., 2001; Pollard and DeConto, 2009; Fraser et al., 2012; González-Wevar et al., 2012; González-Wevar et al., 2013; McCay et al., 2016; Halanych and Mahon, 2018);. Accordingly, near-shore marine benthic communities would have been especially vulnerable as continental ice sheets extended over most of the narrow Antarctic shelf to about 500 m in depth (Ingólfson, 2004; Thatje et al., 2005; Barker et al., 2007; Dambach et al., 2012).

Quaternary glaciations severely impacted the abundance, demographic dynamics, structure, and spatial distribution of Antarctic (Convey et al., 2009; McGaughran et al., 2011; Fraser et al., 2012; González-Wevar et al., 2013; Riesgo et al., 2015; Chenuil et al., 2018; Guillemin et al., 2018; Halanych and Mahon, 2018; Maturana et al., 2020; Cakil et al., 2021; Levicoy et al., 2021) and sub-Antarctic (Waters, 2008; Fraser et al., 2009; Nikula et al., 2010; González-Wevar et al., 2011; González-Wevar et al., 2012; Cumming et al., 2014; Moon et al., 2017; González-Wevar et al., 2018; González-Wevar et al., 2021) near-shore marine organisms. Moreover, ice advances during glacial maxima would have enhanced speciation, particularly in species with nonpelagic developmental modes (direct developers), as populations became fragmented into small and isolated refugia across the Antarctic continental shelf (Brey et al., 1996; Pearse et al., 2009; Chenuil et al., 2018). Following this, interglacial periods generated the expansion of newly available habitats where populations and species would have expanded their distributions (Provan and Bennett, 2008; Marko et al., 2010; González-Wevar et al., 2013). Under a basic expansion-contraction model of Pleistocene biogeography (Provan and Bennett, 2008), refugial populations are expected to harbor higher levels of intraspecific genetic diversity compared to those that were heavily impacted by ice and/or recently recolonized ones (Marko, 2004; Maggs et al., 2008; Marko et al., 2010). Moreover, in some cases glaciations have been associated with the radiation and speciation of different marine near-shore invertebrates (Thornhill et al., 2008; Wilson et al., 2009; Allcock et al., 2011; Baird et al., 2011; Baird et al., 2021), a process also known as ‘the Antarctic diversity pump’ (Clarke and Crame, 1989; Clarke and Crame, 1992; Chenuil et al., 2018).

In a review of genetic signatures induced by Quaternary events in Antarctic taxa, Allcock and Strugnell (2012) proposed that two life-history traits, bathymetric ranges and developmental modes, played a key role. Shallow species with dispersive potential would exhibit star-like haplotype networks, with broadly distributed common haplotypes and closely related variants occurring at low frequencies. Such a pattern is associated with rapid population expansion, probably mediated by larvae dispersion, and has been recorded in the sea urchin Sterechinus neumayeri (Díaz et al., 2011), the nemertean Parborlasia corrugatus (Thornhill et al., 2008), the Antarctic limpet (González-Wevar et al., 2013) and the shrimp Chorismus antarcticus (Raupach et al., 2010). By contrast, the genetic signature predicted for shallow species with low dispersal potential includes disjunct haplotypes networks comprising multiple smaller genetic units, indicative of small populations isolated in glacial refugia that underwent bottlenecks. Due to the absence of free dispersive stages, recolonization is slow, allowing time for genetic drift and possible adaptive differentiation before secondary contact of isolated populations. Examples of taxa displaying this pattern include the amphipods Eusirus (Baird et al., 2011), the pycnogonid Colossendeis megalonyx (Krabbe et al., 2010), cephalopods (Allcock et al., 2011), and the nudibranch Doris kerguelensis (Wilson et al., 2009).

The high-latitude littorinid species Laevilacunaria antarctica (Martens van and Pfeffer, 1886) is one of the most abundant inter- and subtidal gastropods on macro-algae and rocky shores across ice-free areas of the Antarctic Peninsula and sub-Antarctic island of South Georgia (Cantera and Arnaud, 1984; Iken, 1999; Amsler et al., 2015; Martin et al., 2016; Amsler et al., 2019; Amsler et al., 2022; Schmider-Martínez et al., 2023). As with other Laevilitorininae genera such as Laevilitorina (Simpson and Harrington, 1985), L. antarctica exhibits low autonomous vagility, benthic protected development with the absence of free-living dispersive stages, a mode or reproduction where crawling juveniles emerge directly from egg masses. Generally, high-latitude littorinids are considered to be poor dispersers, with most species having narrow distributions restricted to particular areas of the Southern Ocean (González-Wevar et al., 2022; Rosenfeld et al., 2023). Based on its broad distribution and abundance across the maritime Antarctica, its narrow bathymetric range, and its reproductive mode, L. antarctica represents a suitable model to test the hypotheses proposed for Antarctic Quaternary biogeography of shallow marine benthic organisms.

In this study, we performed population-based molecular analyses of Laevilacunaria antarctica across its known distribution. We included more than 320 specimens collected from across the Antarctic Peninsula (AP) and the nearby South Shetland Islands (SSI), as well as from sub-Antarctic South Georgia (SG). Comparative mitochondrial (COI) and nuclear (28S rRNA) genetic analyses allowed us to unravel the legacy of Quaternary glaciations in the patterns of genetic diversity and structure of this species. Considering the lack of larval dispersive stages in the species and its narrow bathymetric range, we predicted that L. antarctica would display several disjunct haplotype networks separated into smaller genetic units, as recorded in other Antarctic species with similar life history traits. Through this research we aimed to understand how key elements of the near-shore Antarctic marine benthic communities endured Quaternary climate shifts associated with glacial and interglacial periods.





Materials and methods




Sample collection, DNA extraction and amplifications

Specimens of L. antarctica were collected by hand and by scuba divers from intertidal and subtidal rocky-shore ecosystems between 2015 and 2021 during the Chilean Scientific Antarctic Expeditions (ECAs) across the species distribution in the maritime Antarctica (AP and SSI) and SG (Figure 1; Table 1). The identification of specimens was done following the original descriptions and revisions (Martens van and Pfeffer, 1886; Smith, 1879; Preston, 1916; Powell, 1951) as well as recent literature (Arnaud and Bandel, 1979; Cantera and Arnaud, 1984; Engl, 2012). Individuals were fixed in situ using 95% ethanol and transported for further molecular analyses. All the specimens were photographed and measured for future comparative morphological studies. Preparation of DNA from the whole animal used the standard salting-out methodology (Aljanabi and Martinez, 1997) and the QIAGEN DNEasy Blood & Tissue kit (QIAGEN Inc.). We amplified a partial fragment of the mitochondrial cytochrome c subunit I gene (COI) using universal primers LCO1490 and HCO2198 (Folmer et al., 1994). Similarly, we used the universal primers 900F and 1600R (Littlewood et al., 2000) to amplify a fragment of the nuclear 28S rRNA gene. PCR amplicons were purified and sequenced in both directions at Macrogen Inc (Seoul, South Korea). Forward and reverse sequences were assembled and edited for each marker independently using GENEIOUS (http://www.geneious.com). Alignments and base composition of nucleotide sequences analyses were done for each marker in MUSCLE (Edgar, 2004) in MEGA 11 (Tamura et al., 2021), respectively. Wright’s mitochondrial codon usage was computed using the Effective Number of Codons (ENC) in DnaSP v5 (Librado and Rozas, 2009). The data presented in the study are deposited in the GenBank  repository, accession number COI (ORT701885 - ORT701931) and 28S rRNA (ORT711532 - ORT711533).

[image: Map of the Antarctic Peninsula and South Georgia region showing various bay locations, including Admiralty Bay, Coppermine Bay, Hannah Point, and others. Each location is marked with an orange ring symbol and abbreviated names.]
Figure 1 | Sampling localities of Laevilacunaria antarctica populations across its distribution in maritime Antarctica (SSI/AP) and South Georgia (SG).

Table 1 | Sampled localities of Laevilacunaria antarctica across its distribution in maritime Antarctica (MP) and South Georgia.


[image: Table listing various localities with corresponding latitude, longitude, area, and main area. Includes locations such as Penguin Island, Admiralty Bay, and Cumberland Bay. Areas include King George Island, Robert Island, and others in regions like the South Shetland Islands and Antarctic Peninsula.]




Genetic diversity and population structure in L. antarctica

We performed a DNA saturation analysis following Xia and Xie (2001) to evaluate how transitions accumulate in relation to nucleotide divergence in the complete L. antarctica COI data set. We then estimated levels of population mtDNA polymorphism through standard diversity indices including number of haplotypes (k), haplotype diversity (H), number of segregating sites (S) and the number of private haplotypes (p. hap) per locality. Moreover, we also determined the average number of pairwise differences (П) and the nucleotide diversity (π) across the species distribution using DnaSP.

Patterns of population differentiation were estimated following Pons and Petit (1996), using haplotype frequencies (GST) and mean pairwise differences (NST) in Arlequin v.3 (Excoffier et al., 2005). The statistical significance of genetic pairwise differences was calculated using permutation tests (20,000 iterations) and the adjustment for multiple testing was done through False Discovery Rate (FDR) correction (Narum, 2006). Moreover, we estimated levels of genetic differentiation using the nearest-neighbor statistic (Snn), which measures how often nearest-neighbor (in sequence space) sequences are from the same locality in geographic space (Hudson, 2000). The statistical significance of Snn was determined using a permutation test (20,000 iterations).

We used two different clustering methods to determine the spatial genetic structure of L. antarctica. First, we determined the number and the composition of panmictic groups and the spatial boundaries using a Bayesian model computed in GENELAND v.2.0.0 (Guillot et al., 2005) in the R environment (Ihaka and Gentleman, 1996). This analysis implements a Markov Chain Monte Carlo (MCMC) procedure to estimate the best clustering of samples considering genetic and geographic information. Analyses were run using 50 x 106 MCMC iterations sampled every 1,000 steps. Assembled scores were graphed against generations in Tracer v.1.5. (Rambaut et al., 2018) to identify stationarity and the number of generations to be discarded as burn-in. A maximum number of clusters (K = 13) were run to estimate the model parameters and posterior probabilities of group membership. Second, we determined the spatial genetic structure in L. antarctica by estimating the number and composition of groups that were most differentiated based on sequence data set using Spatial Analysis of Molecular Variance (SAMOVA) (Dupanloup et al., 2002). This analysis partitions the genetic variance into i) within populations, ii) among populations within groups and iii) among groups.





Demographic analyses in L. antarctica

Haplotype genealogical relationships in L. antarctica populations were reconstructed using median-joining and maximum-parsimony networks in Network 10 (Forster et al., 2001) and Hapview (Salzburger et al., 2011), respectively. Moreover, we performed neutrality statistical tests (Tajima’s D and Fu’s FS) using DnaSP for the whole COI data set, for each recognized group, and for each locality to estimate whether sequences deviate from mutation-drift equilibrium. Population demographic histories were estimated comparing the distribution of pairwise differences between haplotypes (mismatch distribution) for each recognized group to the expected distribution under the sudden expansion growth model of Rogers and Harpending (1992). Finally, for comparative purposes, we also constructed genealogical relationships in L. antarctica using sequences of the nuclear marker 28S rRNA.

We reconstructed past population dynamics through time in the recognized L. antarctica’s genetic clusters using a Bayesian skyline plot method implemented in BEAST v.1.10.4 (Drummond and Rambaut, 2007; Drummond et al., 2012). Three evolutionary models (strict clock, uncorrelated lognormal and uncorrelated relaxed clock) were tested and compared statistically using a Bayes factor test (Suchard et al., 2001) in Tracer and the strict clock model was the best fit for each of the COI data-set clusters. Following this, we performed three independent Bayesian MCMC runs for 250 x 106 generations (sampled every 1000 iterations), using the GTR + I + Γ model, previously estimated in MrModeltest v.2.3 (Nylander, 2004). Molecular evolutionary studies have yielded a wide range of rate estimates for different genes and taxa. Several studies based on population-level and intraspecific data have generated remarkably high estimates of mutation rate, which contrast with substitution rates inferred in phylogenetic studies. Consequently, BSP analyses were done using a tenfold evolutionary rate estimated for littorinids (Reid et al., 2012). Such a rate correction was assumed considering the time-dependence of molecular rate proposed by Ho et al (2005; 2007; 2011). The first 10% of the parameter values were discarded as a burn-in and the convergence of runs was confirmed with Tracer, ensuring a minimum of 1000 effective sampling for each statistic (ESSs > 1000).






Results




Genetic diversity in L. antarctica

The whole COI data set in L. antarctica included 323 specimens (SG = 28; SSI = 188; AP = 107) and comprised 687 nucleotide positions coding for 229 amino acids. No insertion/deletions or stop codons were detected. Moreover, mitochondrial (mtDNA) and nuclear (nucDNA) sequences were not saturated and no evidence of mtDNA codon bias was found (ENC = 46.75). Four amino-acid substitutions (positions 11, 44, 144, and 171) were recorded in L. antarctica using the invertebrate mitochondrial table. Low levels of genetic diversity characterized populations of L. antarctica, with 48 polymorphic characters (6.9%) and 29 of them (60.4%) were parsimony informative. Sequences were A – T rich (67.2%). The haplotype diversity (H) varied between 0.123 (Robert Island, SSI) and 0.675 (Cumberland Bay, SG) (Table 2). The number of polymorphic sites (S) varied between 1 (Admiralty Bay, SSI) and 10 (Cumberland Bay, SG). Similarly, the number of haplotypes/private haplotypes varied among the analyzed localities between 2/0 (Admiralty Bay, SSI) and 11/11 (Cumberland Bay, SG) (Table 2). Finally, the average number of nucleotide differences (П) and the mean nucleotide diversity (π) were very low in most localities across the maritime Antarctica (SSI and AP), whereas the diversity of these indices was higher in SG (Table 2). The mean level of mtDNA genetic divergence between SSI/AP and SG populations of L. antarctica was 1,74%. Levels of nucDNA diversity were much lower in the species, SSI and AP specimens (n = 123) shared the same allele which was differentiated by two mutation steps from the sequences recorded at South Georgia.

Table 2 | Diversity indices, private alleles, and neutrality tests in Laevilacunaria antarctica populations across its distribution in maritime Antarctica and South Georgia.


[image: A table showing genetic diversity statistics across several localities in the Antarctic region. Columns include numbers like analyzed individuals (n), haplotypes (k), haplotype diversity (H), polymorphic sites (S), pairwise differences (Π), nucleotide diversity (π), and data for Tajima's D and Fu's FS, with significance indicated by asterisks. Localities range from Penguin Island (SSI) to Cumberland Bay (SG), with totals calculated at the bottom. Legend explains abbreviations used for regions like South Shetland Islands (SSI) and Antarctic Peninsula (AP).]




Genetic structure in L. antarctica

Mean general values of differentiation estimated were low, especially considering average GST (0.112) and NST (0.170). In fact, general levels of differentiation among maritime Antarctic populations were extremely low, considering average GST (0.043) and NST (0.034). Pairwise population comparisons did not recognize significant structure among maritime Antarctica populations (Table 3). Nevertheless, some populations showed significant differences after FDR corrections. By contrast, GST and NST comparisons recorded significant differences between SG and the rest of the analyzed populations from the maritime Antarctica (Table 3).

Table 3 | Pairwise GST (below the diagonal) and NST (above the diagonal) values calculated among the analyzed populations of Laevilacunaria antarctica. 20,000 iterations.


[image: Table showing statistical values for different localities against various bays, denoted by initials. Statistical significance is marked in bold. The rightmost column, SG, shows values between 0.922 and 0.950. Other bold values appear under Covadonga Bay, South Bay, Adelaide Bay, and Cumberland Bay.]
The nearest neighbor statistic in L. antarctica (Snn = 0.199) showed low but significant levels of phylogeographic signal (p < 0.0001). Nevertheless, when this analysis was carried out considering the main pattern of genetic differentiation recorded in the species (maritime Antarctic vs South Georgia), Snn became extremely high (Snn = 1.00) and significant, showing the high degree of phylogeographic signal found between maritime Antarctica and SG. The pattern of genetic structure was supported by the model based on the Bayesian clustering algorithm, which detected two main clusters (K = 2). Again, the first cluster included all localities from the maritime Antarctica (Figure 2A), while the second one comprised only South Georgia (Figure 2B). Values of cluster membership were very high (P = 1.000) for all the individuals and the mean probability value (P = 0.5) corresponds to the boundary between these clusters and runs across the Scotia Ridge located between South Georgia and the Antarctic Peninsula. Similarly, SAMOVA analyses detected two maximally differentiated genetic groups – maritime Antarctica and South Georgia – accounting for 59.35% of the total variance, in comparison with only 0.83% due to within-group variation among localities (Table 4). Considering the level of mtDNA genetic divergence (1.74%) and the strong phylogeographic signal recorded between SSI/AP and SG we performed divergence time estimations analysis under a phylogenetic framework. For this a relaxed molecular-clock using an uncorrelated-lognormal (ucld) model of molecular evolutionary rate heterogeneity and the GTR + I + G model of substitution was implemented in BEAST v.1.7.5 (Drummond & Rambaut, 2007; Drummond et al., 2012). Four chains were run for 200 x 106 generations and trees were sampled every 10,000 generations. For divergence time estimations we include in the analyses several calibration points within the evolution of Littorinidae estimated for the most common ancestors (TRMCA) of the genera Echinolittorina, Littorina, Littoraria, Austrolittorina, Tectarius and Afrolittorina) following Reid et al. (2012), and with special emphasis on higher latitude groups (González-Wevar et al., 2022). According to our divergence-time analyses the separation between SSI/AP and SG genetic clusters occurred around 1.1 Ma (2.0 – 0.55 Ma).

[image: Two maps labeled A and B show clusters of data. Map A, titled "Cluster 1: Maritime Antarctica (SSI/AP)", and Map B, titled "Cluster 2: South Georgia (SG)", both display a gradient from light blue to dark blue. Yellow contour lines indicate varying data levels, and beige dots mark specific locations. A color bar on the right defines values ranging from zero to one. Latitude and longitude axes are marked on both maps.]
Figure 2 | Spatial output from Geneland using Laevilacunaria antarctica populations. White circles indicate the relative positions of the sampling localities across maritime Antarctica and South Georgia. Darker and lighter shadings are proportional to posterior probabilities of membership to particular genetic cluster (A = maritime Antarctica and B = South Georgia). Posterior probabilities were plotted against the shapefile of the Antarctic coastline available in GEOdas (NOAA) and filtered using GEOdas Coastline Extractor v.1.1.3.1 (https://www.ngdc.noaa.gov/mgg/geodas/geodas.html).

Table 4 | Spatial Analysis of Molecular Variance (SAMOVA) depicting the percentage of variation explained among groups (maritime Antarctica and South Georgia), among populations within groups and within populations.
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Demographic reconstructions

The parsimony mtDNA network of L. antarctica included 47 haplotypes and clearly discriminated two main groups: maritime Antarctica and South Georgia, separated by nine substitutional steps (Figure 3A). Both maritime Antarctica and South Georgia clusters exhibited typical starlike topologies and short genealogies. In maritime Antarctica, the central haplotype (H01) was the most frequent (82%), broadly distributed and surrounded by 35 haplotypes of low frequency (fewer than four individuals). A second dominant haplotype (H02) was found in 57% of the SG individuals and was surrounded by ten closely derived ones (Figure 3A). As expected, for star-like genealogies, global Tajima’s D and Fu’s neutrality tests were negative and significant for each recognized cluster and for the whole COI data set (Table 2). The distribution of pairwise differences depicted for the maritime Antarctica showed a typical L-shaped distribution. In contrast, the distribution of pairwise differences for South Georgia was bimodal. As stated above, nucDNA parsimony network showed that the maritime Antarctica populations specimens exhibited the same allele (HI) while SG specimens carried another one (HII) separated by two mutational steps (Figure 3B).

[image: Two circular diagrams labeled A and B display haplotype distribution across various locations. Each circle is divided into colored segments representing locations such as Penguin Island and Admiralty Bay. H01 and H02 are linked in diagram A; H I and H II are in diagram B. An arc scale shows the number of individuals. A legend explains the color codes for different locations.]
Figure 3 | Parsimony mtDNA (A) and nucDNA (B) networks in Laevilacunaria antarctica across its distribution in maritime Antarctica and South Georgia. Each haplotype/allele is represented by a colored circle indicating the locality. The size the haplotypes/alleles is proportional to their frequencies.

Bayesian skyline-plot analyses identified similar trajectories in terms of the time since the most recent common ancestors (trmca) and populations expansions between maritime Antarctica and South Georgia (Figure 4). Population expansion of the maritime Antarctica populations occurred approximately 5,000 years ago while the expansion at South Georgia occurred around 9,000 years ago. The tmrca of SSI/AP occurred around 12,000 years ago while the tmrca for SG occurred 17,000 years ago (Figure 4).

[image: Two line graphs depict the effective population size (Ne) over time in years. The top graph shows Maritime Antarctica with a steep decline from 50 million at zero years to about 5 million at 7,000 years. An inset map indicates the region. The bottom graph shows South Georgia with a moderate decline from 10 million at zero years to about 1 million at 10,000 years, also featuring an inset map. Both graphs include shaded areas around the trend lines.]
Figure 4 | Historical demographic trajectories of the effective population sizes (Ne) estimated under a Bayesian skyline-plot approach based on COI sequences of L. antarctica. The y-axis represents the effective population size (Ne) while the x-axis shows the time since the present. The median estimates are shown for each genetic cluster recorded in the species (maritime Antarctica and South Georgia).






Discussion

Our results show that Laevilacunaria antarctica has a remarkably low level of genetic diversity across much of its known range, with the presence of a single dominant COI haplotype in our sampled populations from Penguin Island (62°06’), the farthest north locality in the South Shetland Islands, to the southernmost point in Avian Island (67°46’) in the Antarctic Peninsula. There is marginally more diversity further afield, in South Georgia, although again one haplotype, albeit a very different one, dominates. The only population structure is between South Georgia and the remaining populations, with no shared haplotypes and at least nine substitutional steps between haplotypes from these two parts of the species’ range. Effectively, the haplotype map is one of two star-like genealogies linked by a nine-step branch. Nevertheless, such results should be taken with caution, considering that we only included one locality from South Georgia. In this context, future samplings in South Georgia are required to increase our sampling effort across this island and corroborate the diversity pattern here recorded.

Our findings provide only limited support for the predictions of Allcock and Strugnell (2012), and indeed some evidence to the contrary. As Laevilacunaria lacks any pelagic dispersal stage, yet the low levels of diversity and the absence of genetic structure showed by star-like networks in the maritime Antarctica across hundreds of kilometers are more congruent with the pattern of genetic diversity these authors envisaged in highly dispersive species. Nevertheless, our analyses detected a marked phylogeographic signal between sub-Antarctic South Georgia and maritime Antarctic localities, fitting more closely with a poor dispersal capacity at large geographical scale. The absence of shared haplotypes, together with the number of fixed mutations (n = 9) between these areas are strong evidence of distinct genetic and evolutionary units in L. antarctica. Indeed, divergence-time estimations of these Significant Evolutionary Units (ESUs) suggest that they were separated ~ 1.1 million years ago (Ma), long before the LGM and, ever since, have evolved independently in these areas of the Southern Ocean.

How do we explain these apparently contradictory results? The absence of population structure in the maritime Antarctica matches previous molecular studies of near-shore marine benthic invertebrates such as the Antarctic limpet Nacella concinna (Hoffman et al., 2010; González-Wevar et al., 2013), the trochoid gastropod Margarella antarctica (González-Wevar et al., 2021), and the sea urchin Sterechinus neumayeri (Díaz et al., 2011; Díaz et al., 2018). Nacella and Sterechinus species possess a pelagic larval stage and such patterns are explained by their respective higher dispersal potentials. By contrast, Margarella and Laevilacunaria species exhibit benthic protected development, but they live closely associated with macroalgae on which they graze and reproduce. Accordingly, it is possible that Margarella and Laevilacunaria could maintain connectivity through rafting of adults and/or egg-masses attached to macroalgae. Alternatively, the low levels of genetic diversity and the absence of genetic structure in L. antarctica across the maritime Antarctica is probably associated to strong founder effects from bottlenecked refugial population. This same argument would apply to the South Georgian populations of L. antarctica. The lower frequency of buoyant macroalgae in the maritime Antarctic represented by Crystosphaera jacquinotti, however, presumably limits the extent of this rafting, precluding dispersal of L. antarctica (and, indeed, also occur in the trochoid M. antarctica) to the more distant areas such as South Georgia. Events of long-distance colonization by rafting have been documented among non-buoyant macroalgae (Fraser et al., 2013; McCay et al., 2016). Evidence of macroalgae fronds enclosed in drift ice have been reported at sea (Guillemin M-L pers. comm.) and these fronds have been recovered far away from the coast (Guillemin et al., 2018). In fact, across the same study are, several non-buoyant red algae also exhibit very low levels of genetic diversity and a complete absence of genetic structure (Guillemin et al., 2018). During Quaternary glaciations, the study area, SSI/AP and SG, have been located south of the Antarctic Polar Front (APF). Hence, the positition of the APF can be excluded as a potential barrier to gene flow between these areas. Drifter-based data have demonstrated that the Antarctic Circumpolar Current flows from the maritime Antarctica to South Georgia with a velocity that would allow to drift between these two areas around two months (Matschiner et al., 2009).

The lack of genetic variation in the maritime Antarctica, with one dominant haplotype in the centre of a star-like genealogy, fits well with the idea that L. antarctica survived a bottleneck induced by the LGM in one or (possibly) more shelf refugia. The slightly less star-like pattern, and the smoother historical demographic curve in South Georgia implies, perhaps, a less drastic reduction in population size and/or an earlier population expansion.

We note that the levels of nucleotide diversity recorded in L. antarctica are significantly lower than those found in temperate (Doellman et al., 2011; Silva et al., 2013; Sotelo et al., 2020; Blakeslee et al., 2021) and sub-Antarctic littorinids (González-Wevar et al., 2022). In fact, levels of genetic diversity in the species are much lower than those found in most other groups of Antarctic marine molluscs (Wilson et al., 2009; González-Wevar et al., 2013; Fassio et al., 2019; Levicoy et al., 2021) and fishes (Parker et al., 2002; Damerau et al., 2012; Damerau et al., 2014; Hüne et al., 2015). Nevertheless, several species of Antarctic near-shore marine invertebrates are characterized by low genetic diversity including the nemertean Parborlasia (Thornhill et al., 2008), the crustacean Chorismus antarcticus (Raupach et al., 2010), the echinoid Sterechinus neumayeri (Díaz et al., 2011) and the trochoid Margarella antarctica (González-Wevar et al., 2021). Drastic reduction of habitats has presumably affected populations of these Antarctic species and left characteristic signatures of drastic bottlenecks and/or founder effects (Aronson et al., 2007; Clarke and Crame, 2010; Allcock and Strugnell, 2012; González-Wevar et al., 2013; Riesgo et al., 2015; Guillemin et al., 2018).




Genetic structure

Our study adds to the diversity of biogeographic patterns seen in different taxa across maritime Antarctica and South Georgia in different taxa. This variation ranges from the absence of genetic differentiation, as in nototheniod fishes like Gobionotothen gibberifrons (Matschiner et al., 2009) and Notothenia rossi (Young et al., 2015), through marked phylogeographic structure, as in the limpet Nacella concinna (Hoffman et al., 2011; González-Wevar et al., 2013) and the notothenioid fish Champsocephalus gunnari (Young et al., 2015), to the presence of clearly divergent species-level clades, as in the gastropod Margarella (González-Wevar et al., 2021), the nudibranch Doris (Wilson et al., 2009), the crinoids of the genus Promachocrinus (Wilson et al., 2007), and the notothenioid genus Lepidonotothen (Dornburg et al., 2016).

The mtDNA (COI) levels of genetic divergence recorded between maritime Antarctic and South Georgian populations (1.74%) is lower than those recorded between clearly recognized littorinid species (Williams et al., 2003; Williams and Reid, 2004; Reid et al., 2012) and particularly in higher latitude groups (González-Wevar et al., 2022; Rosenfeld et al., 2023). Under this molecular-based criteria, we would not treat the SSI/AP and SG populations as different species. Appropriate names would be available, however: the type locality of L. antarctica is South Georgia, whereas Deception Island, one of the South Shetland Islands, is the type locality for L. bransfieldensis, considered a junior synonym by Simone (2018). Nevertheless, our results in Laevilacunaria could probably be interpreted as an incipient speciation process, as has been hypothesized for other groups of marine organisms including Nacella (González-Wevar et al., 2011; González-Wevar et al., 2017), octocorals (Dueñas et al., 2016), Doris (Wilson et al., 2009), Pareledone (Allcock et al., 2011), nothothenioid fishes (Near et al., 2012; Dornburg et al., 2016) and even penguins (Vianna et al., 2017; Frugone et al., 2019). To further understand such evolutionary and biogeographic hypotheses in Laevilacunaria, future studies through morphological (radular and geometric morphometrics) analyses are needed. Addressing this important question in Laevilacunaria will provide new insights concerning biogeographical and diversity patterns in this widespread maritime Antarctica gastropod group. Moreover, integrative systematic studies including phylogenetic, genomic and morphological analyses of the whole genus are also required to evaluate the potential role of vicariance and long-distance dispersal in the biogeography of Laevilacunaria. The inclusion of the poorly known Kerguelen species L. pumilio and the partially sympatric Antarctic species L. bennetti will allow us to determine the origin and diversification of Laevilacunaria in different provinces of the Southern Ocean. Finally, through geometric morphometric it will be possible to evaluate the relevance of cryptic speciation in the evolution of the group across the Southern Ocean, a region of the planet that has been relatively neglected in spite of its global relevance.
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Shallow water Antarctic marine macroepifaunal assemblages live in one of the most naturally disturbed marine environments due to the impact of icebergs scouring the seafloor. They are, however, amongst the least anthropogenically impacted assemblages and are afforded protection under the Antarctic Treaty system. When the British Antarctic Survey’s Rothera Research Station wharf needed extending to accommodate the newly constructed UK polar research vessel, the RRS Sir David Attenborough, a Comprehensive Environmental Evaluation (CEE) was conducted to assess the impact. The macroepifaunal likely to be impacted by the construction was surveyed through ROV videos of five transects, centered on the middle of the construction zone, from 10–100 m deep. A pre-construction survey was completed in March 2017, as part of the CEE impact assessment, and a post-build survey in 2022 (delayed from 2021, and reduced in scope, due to the COVID-19 pandemic). Sedimentation rates were also measured before and during construction and were high during the second summer when the wharf pilings were being back filled with crushed rock. The measured differences between pre- and post-construction assemblages were minor and were not reflected in the overall number of taxa (operational taxonomic units – OTU), or diversity, but there were subtle shifts in species composition. The largest differences in the macroepifauna were a reduction in the number of the common urchin, Sterechinus neumayeri, and seastar, Odontaster validus, and were within expected variability. The small changes detected in the macroepifauna indicate it was minimally impacted and/or recovered in the subsequent two years, therefore during wharf construction the accompanying mitigation measures were robust.
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1 Introduction

The Antarctic and sub-Antarctic regions are often viewed as isolated from direct anthropogenic disturbance due to their remoteness (Rogers et al., 2020); however, Southern Ocean ecosystems have experienced major human impacts over many hundreds of years (see Bonner and Laws, 1964, Forcada and Staniland, 2009 and Rogers et al., 2020). There is a strong case, however, that Antarctic shallows (continental shelf >500 m) are among the least historically anthropogenically impacted ecosystems (Zwerschke et al., 2021), and therefore require protection and measures to prevent additional impact. Anthropogenic disturbance is regulated through the Antarctic Treaty system, and specifically the Protocol on Environmental Protection to the Antarctic Treaty (entered into force 1998). Signatories to the Protocol agreed to comply with the Annex I to the Protocol that requires a Comprehensive Environmental Evaluation (CEE) to be undertaken and notified to all Parties before the commencement of any project that is likely to have an impact considered to be greater than minor or transitory (see https://www.ats.aq/e/protocol.html).

The shallow Antarctic benthos is one of the most naturally disturbed environments on Earth, due to frequent iceberg scour disturbance (Smale, 2008). Iceberg scour is caused when the keel of an iceberg (or any ice of sufficient size) impacts the seafloor (Convey et al., 2014) causing mass mortality in the zoobenthos (Barnes, 2017). The frequency of iceberg scour is typically higher in the shallows and lower at depth, but with far greater impact per scour, due to the scarcity of larger icebergs (Barnes and Conlan, 2007). Iceberg scour, therefore, presents a particular challenge to disentangling any anthropogenic impact from the natural stochastic background of high intensity natural disturbance.

This study reports the findings of a CEE for the extension of the Biscoe Wharf at the British Antarctic Survey Rothera Research Station (67° 34’ S, 68° 08’ W) to accommodate the UK’s new Polar research vessel, the RSS Sir David Attenborough (Fothergill, 2018). This new vessel is longer and has a deeper draft than the vessels it replaced (Rogan-Finnemore et al., 2021) and so the wharf had to be extended to accommodate the ship (Figure 1).

[image: Map of Rothera Point detailing bathymetry ranging from zero to three hundred meters in depth, illustrated in shades of blue. Wharf transect points are marked with crosses, and sediment trap locations with black squares. The new wharf location is highlighted in purple, with Cheshire Island nearby. A scale bar is included for distance reference.]
Figure 1 | The location of the Biscoe Wharf extension at Rothera Research Station, showing the original and new (in purple) wharf footprint. Crosses 1–5 indicate the deepest point from which the five wharf transects started. The transects ran perpendicular to the wharf (NE), finishing at 10 m depth. A and B indicate locations of the two sediment traps. Coastline data from the SCAR Antarctic Digital Database, 2022. Bathymetry from Retallick et al. (2021).

The sea floor adjacent to the Biscoe Wharf (~10 m depth) is subject to high natural disturbance from frequent and consistent iceberg scour (e.g., see Smale et al., 2006). Further from the wharf, the sea floor drops steeply away into deep water, at an approximate 45° angle. The Biscoe wharf experiences periods of seasonal sea ice, long period light and darkness during austral summer and winter respectively and stable temperatures year round, as has been reported from approximately 30 years of year round measurements (review available here: Venables et al., 2023) Due to the bathymetry of the site, it was also important to measure any impact on macroepifauna composition at depths below the site of wharf construction as rockfall and increased sedimentation into the water column could have impacted the deeper macroepifaunal assemblage. At these greater depths, where the sea floor is exposed to lower rates of iceberg scour disturbance, the macroepifaunal assemblage consists of a slower growing, less disturbance-resilient, species (Robinson et al., 2021). Deeper water assemblages may, therefore, not be able to recover as rapidly as the more disturbance-tolerant species found in the shallows (Robinson et al., 2020, 2022).

Across the study area, previous studies (see Robinson et al., 2021) have found that between 10–30 m depth, the macroepifauna are dominated by mobile grazers, coincident with highest abundances of encrusting and macroalgae species. Between 40 and 60 m depth there is a combination of sessile suspension feeders including ascidians and anthozoans, as well as mobile grazers and scavengers such as ophiuroids and asteroids. At depths between 70–100 m sessile suspension feeders dominate in particular bryozoans and porifera. The macroepifaunal assemblages however show no distinct depth zonation, with multiple species having wide depth ranges that can encompass 10–100 m depth and high spatial heterogeneity (Smale et al., 2008), with the general trends described above often overlapping and combining. In this study, we aimed to measure the impact of the extension of the Biscoe Wharf construction on the surrounding Antarctic benthos (Figure 2). To describe any changes to macroepifauna composition pre- and post-construction video transects were recorded adjacent to, and alongside, the wharf construction sites. Due to the rocky substratum and depth of the site meiofauna and infauna assemblages were not sampled. Sediment traps were also deployed to monitor any changes in sedimentation rates associated with construction. Any changes detected were considered within the context of the naturally high levels of iceberg disturbance and natural macroepifauna variability seen within this environment (Robinson et al., 2021).

[image: Underwater images showing a seafloor with corals, sponges, and marine life at various depths. Overlays display measurements, coordinates, and information: top-left at twenty-three meters, top-right at fifty meters, bottom-left at eighty-four meters, and bottom-right at ninety-seven meters.]
Figure 2 | Frames from the video of the benthic macroepifaunal assemblages captured during ROV wharf surveys, from top right moving clockwise 23 m, 50 m, 97 m and 84 m depth.




2 Materials and methods



2.1 Macroepifauna video transects

A pre-construction video survey was completed in March 2017 to provide baseline assemblage data for the CEE. A post build survey was completed in March 2022 to assess the impact of the construction on the benthic assemblage. This survey was delayed by one year, from 2021, and reduced to 50% of the original scope, due to constraints resulting from the COVID-19 pandemic (Hughes and Convey, 2020). The survey was conducted using a Deeptrekkor DTG2 ROV (Remotely Operated Vehicle) which recorded video transects from 0–100 m depth along five transects centered on the wharf construction zone and covering the area that was expected to be impacted by the construction (Figure 1). Video was recorded on the DTG2’s internal 1/3 Sony CCD colour 700HD camera, lit by the inbuilt 1350 lumen lights with an additional pair of SOLA600 lights providing a total of 2550 lumen.

From the videos, abundance was scored in the range 0–10 by summing the presence or absence of each OTU (Operational Taxonomic Unit)in every one meter increment, within each 10 m depth interval. For example, OTUs present at every meter within the 10–20 m depth interval would be scored 10, whereas OTUs present at only three depths would be scored 3. This provided a rapid and repeatable way of measuring abundance, while preventing hyper-abundant OTUs, or species that occur in clusters, from dominating the analysis.

For each sample all mega and macrofauna were identified to the lowest possible taxonomic resolution; however, due to no specimens being retrieved for identification and the constraints of video resolution, a reduced and modified OTU guide was adopted (see Supplementary Table S1 – OTU guide). The benthic biota of the study area has been well-characterised, many collected and an extensive catalogue of high-quality benthic images has been created, and so OTUs in video images could be identified and grouped together, based on their morphology. However, it was not always possible to identify OTUs to species level, as some species have a similar morphology, and would require collection or closer examination to differentiate.




2.2 Sedimentation rates

Sediment traps were deployed and collected by SCUBA divers to measure if the construction activity added sediment to the water column (Supplementary Figure S1). Traps were deployed two locations either side of the construction zone in July 2017 (locations A: 67°S 34.261, 068°W 07.967 and location B: 67°S 34.430, 068°W 07.514) (Figure 1). Sediment traps were placed at 30 m depth, to reduce the chances of them being hit by icebergs and were designed to have a small profile within the water column without a surface buoy that would be at risk of entanglement by seasonal sea ice and icebergs. By reducing the sediment trap profile in the water and allowing a degree of flexibility in the mooring itself, only a direct hit by icebergs on the anchor point (a concrete weight) would destroy the sediment trap, thereby reducing the risk of sample loss. Despite these precautions, the western trap (location A) was destroyed by an iceberg after redeployment in October 2018 so only pre-construction sedimentation data were available from this trap. The south-eastern sediment trap (location B) remained in place until it was removed in May 2021. Once collected the sediment dry mass (after 24 h at 60°C) and ash free dry mass (after 24 h at 480°C) were measured.




2.3 Macroepifauna biodiversity

Pre- and post- construction diversity was determined by comparing OTU richness, the number of morphotypes identified within each sample and the Shannon-Wiener diversity index (Pielou, 1966). A Friedman’s non-parametric two-way ANOVA was implemented due to the non-parametric and non-balanced constraints of the post-construction samples for both OTU richness and Shannon-Wiener diversity index across depth. Both OTU richness data and Shannon-Wiener diversity index data, were averaged across depth to accommodate the requirements of the Friedman’s test, which was performed using R v4.3.2.




2.4 Multivariate analysis

Multivariate analysis was used to describe the macroepifauna composition change between pre- and post-construction surveys between 10–100 m depth using Primer 7 with the PERMANOVA+ software package (Clarke and Gorley, 2015). An nMDS plot was constructed to describe the variance between all samples after 999 permutations using a Bray-Curtis similarity matrix. nMDS stress, a measure of how representative nMDS is of the underlying high dimension data, was reported at 0.12, which is considered a fair presentation of the underlying data. Hierarchical cluster analysis was overlayed on top of the nMDS to demonstrate groups sharing 45% similarity. Two-way ANOSIM tests were implemented to test macroepifauna composition change for pre- and post-construction and across depth, with SIMPER (SIMilarity PERcentage) tests investigating which taxa were responsible for any dissimilarity (Supplementary Table S2).





3 Results



3.1 Macroepifauna biodiversity and composition

Both pre- and post-construction diversity metrics, i.e., OTU richness and Shannon-Wiener diversity index, describe a general unimodal trend across depth peaking ~70 m depth (Figure 3). Species OTU richness (χ2 = 12.0, df = 8, P-values = 0.15; Friedman test) and Shannon-Wiener diversity index values (χ2 = 13.07, df = 8, P-values = 0.11; Friedman test) were not significantly different during the pre- and post-construction. Pre- and post-construction values had a similar peak diversity of 42 and 40 OTU richness, respectively. Nine unique OTUs and 12 unique OTUs were found in the pre- and post-construction surveys, respectively. All occurred with low abundance, i.e., < 10 counts, except for ALG005 and ALG006 which are both species of macroalgae.

[image: Two line graphs show trends in OTU richness and biodiversity (Shannon index) against depth in meters, comparing pre-construction and post-construction periods. Pre-construction data is represented by black circles and lines, while post-construction data is shown with gray squares and dashed lines. In both graphs, richness and biodiversity generally increase with depth, with notable variations between the two periods. Error bars indicate variability in the data.]
Figure 3 | Average OTU richness (top) and Average Shannon-Wiener diversity index (bottom) measured across each 10 m depth interval; points are placed at the mid-point of each transect. Pre-construction data are shown in black and post-construction in grey, with the errors bars showing standard deviation. Asterisks indicated averages with <3 transects and no error bars.

Across the study area the macroepifauna was characterised by mobile grazers and scavengers between 10–30 m depth, in particular Nacella concinna (GAS001), Sterechinus neumayeri (ECH001) and Odontaster validus (AST001) (Figure 4). Between 40 and 60 m depth a mixture of groups including suspension feeders including Primnoella sp. (ANT001) and Cnemidocarpa verrucosa (ASC009), as well as grazers and scavengers such as S. neumayeri (ECH001). Calcareous pink encrusting algae (ALG002), was dominate at all depth between 10–50m depth. At 60 m to 100 m depth, sessile suspension feeders were found in higher abundances including Perinsiana littoralis (POL002), yellow encrusting porifera (POR001), and encrusting and foliose bryozoans (BRY001–BYR003), these bryozoan OTUs do contain multiple different species … As observed in previous studies (see Smale et al., 2008) there was no clear depth zonation, within the Antarctic benthos with assemblages overlapping at various depths, within the above description of the overall trend. Individual species also could demonstrate wide depth ranges, for example Nacella concinna (GAS001) a species of grazing limpet which dominated at 10 m depth could be found, in low abundances, in the deepest samples (100 m depth).

[image: Left panel shows a cluster of sea urchins with spiky bodies attached to a pink rock underwater. Right panel depicts a starfish on the ocean floor surrounded by rocks and marine algae.]
Figure 4 | Specimen images of Sterechinus neumayeri (ECH001) (left) and Odontaster validus (AST001) (right), from survey are in front of Biscoe Wharf at Rothera Research station.




3.2 Multivariate analysis

Across all depths there was a high degree of overlap between samples, indicating similar macroepifauna composition amongst those samples, with the greatest degree of overlap between pre- and post-construction observed at depths greater than 50 m (Figure 5). While the differences in assemblages between depths (F8,78 = 9.1, P < 0.01; Table 1) and transects (F5,78 = 4.4, P < 0.01) remained the same after construction (i.e., there were no interaction terms), there were small but significant differences between the assemblages measured pre- and post-construction (F1,78 = 5.3, P = 0.03). The biggest difference between pre- and post-construction assemblages was attributed to a reduction in both Sterchinus neumayeri and Odontaster validus (Figure 4) after the construction, with SIMPER attributing 5.4 and 4.2%, respectively, of the difference to these OTUs (Supplementary Table S2).

[image: A non-metric multidimensional scaling (nMDS) plot with points represented by blue triangles and red inverted triangles, indicating pre- and post-study data respectively. Green ellipses surround clusters of points, with percentages from twenty to one hundred denoting similarity levels. The plot is labeled "Resemblance: S17 Bray-Curtis similarity" and "2D Stress: 0.12," showing nMDS1 and nMDS2 axes.]
Figure 5 | Macroepifauna structure from pre- and post-construction surveys, displayed with non-metric MultiDimensional Scaling (nMDS) with similarity bands based on hierarchical cluster analysis. Samples consist of 10 m depth intervals; samples are labelled with the greatest depth in the range (i.e., ‘20’ represents the transect with the 10–20 m depth range).

Table 1 | PERMANOVA table of results after 999 unique permutations.


[image: Table displaying statistical analysis results with factors: Construction, Transect, and Depth. Columns include degrees of freedom (df), sum of squares (SS), mean squares (MS), Pseudo F, and P values. Significant differences are marked with asterisks, showing Construction and Depth are significant with P values of 0.03 and less than 0.001, respectively.]



3.3 Sedimentation rates

Sediment settlement remained below 5 mg day between July 2017 and May 2020, for both settlement traps and remained at this level throughout the first construction period between December 2018 and March 2019 (Supplementary Figure S2). A large pulse in sedimentation was recorded in the south-eastern sediment trap (location B), during the final measurement period February 2020 to May 2021; however, as the western sediment trap (at location A) was lost to iceberg scour, this observation is the only result available (Figure 6). The pulse in sedimentation coincided with the backfilling of the wharf pilings with crushed rocks during the second construction period October 2019 to March 2020.

[image: Graph showing sedimentation rate (milligrams per day) from 2018 to 2021. Key data points: 105 days in 2018, 86 days in 2018, 301 days in 2019, 422 days in 2019, and 455 days in 2020. Shaded areas mark construction periods in 2019 and 2020.]
Figure 6 | Sedimentation rate recorded by sediment trap B. Each point indicates the retrieval date of the sediment trap and the line represents the deployment time and date. Sedimentation rates were averaged across the entire deployment. The two periods of construction activity between Dec-2018 to May-2019 and Oct-2019 to May-2020 are represented in grey.





4 Discussion

There were small differences in the assemblage on the steep rocky slope in front of the Biscoe Wharf between the pre- and post-construction survey. The largest difference was a small (9%) shift in community composition driven by a reduction in the presence of the sea urchin, Sterechinus neumayeri, and the seastar, Odontaster validus, in the shallows (10–20 m depth). These species are mobile and are known to migrate into recent iceberg scours to scavenge on the carcases and organic material generated by the impact (Robinson et al., 2020). The reduction in these two species is contrary to what we would expect from a site recently disturbed from construction, however in the two years since the impact, the high recovery capability (resilience) of the macroepifauna in the shallows (Robinson et al., 2020; Zwerschke et al., 2021) would have likely led to return to pre-construction state from a local disturbance event, such as the wharf construction. The natural and frequent impacts of iceberg scours within this area (Smale et al., 2006, 2008) could account for the variation in S. neumayeri and O. validus. With similar variations in abundance detected within the same area from previous studies (Robinson et al., 2021).

Macroalgae species, such as OTUs ALG005 and ALG006, were only found in the post-construction survey, but are particularly variable in presence and abundance in the polar environment, as they rely on downwelling light levels that can be restricted or even blocked, by sea ice (Vernet et al., 2008). Many Antarctic species also have episodic recruitment events (e.g., sponges; Dayton et al. (2016)) and the shift in macroalgal presence is likely to represent one such recruitment event (Barnes and Souster, 2011) and with additional removal due frequent iceberg scours increasing natural variability.

A large pulse of sediment was recorded during the final measurement period, which started during the second half of the construction in 2020. This coincided with the backfilling of the wharf pilings with crushed rocks. The sediment traps gave an average measure of sedimentation over their whole period of underwater deployment but it is likely that the increased sedimentation came in a pulse from the rock as it was dumped into the water behind the pilings. No shifts in the overall pattern of macroepifaunal assemblages with depth was observed either between pre and post construction surveys or from previous data collected from this site, including amongst the sessile filter feeding assemblages. The sessile filter feeding assemblage includes a diverse range of taxa such as Perinsiana littoralis (POL002), yellow encrusting porifera (POR001), and encrusting and foliose bryozoans (BRY001–BYR003), which were found at high abundance at depth (70–100 m depth). These macroepifaunal communities would be expected to have the greatest vulnerability to increased sedimentation, detected during construction (Riegl and Branch, 1995; Tompkins-MacDonald and Leys, 2008; Bannister et al., 2012). However, with no knowledge of the local current regime, the impact for remote down-current filter feeding assemblages is unknown. While a single point measurement does not support speculation on the wider impacts of this sedimentation event, it does indicate that those undertaking extended construction activities should consider putting measures in place to mitigate the impact of such marine sedimentation events.

The mitigating measures undertaken during construction of the wharf included the reducing the footprint of the new wharf, while still accommodating the larger vessel and choosing a design to lower the amount of seabed milling and preparation that was required (drilling or changing seabed topography) (Fothergill, 2018). These mitigation measures were designed to reduce the direct loss of benthic habitat, reduce rock/boulder displacement (rock falls), and decrease sediment input into the marine environment.

Due to the delay of the post-construction survey, this report cannot comment on the initial impact of the wharf construction, only that any impact was transient and had become indistinguishable from natural state two years after construction had finished. Below 30 m depth, there was also no significant shift in macroepifauna composition, this is despite macroepifaunal groups with lesser recovery capability, such as Stylocordyla chupachups (POR016), yellow encrusting porifera (POR001) and Phorbas areolatus (POR026), dominating at greater depths (i.e., 70–100 m; Robinson, 2021). Any impact on deeper zoobenthos, e.g., due to rock falls or sediment smothering, would have been particularly evident, even two years after construction. Elsewhere, similar impacts from naturally occurring iceberg scours have been detectable a decade after the initial impact (Gutt et al., 1996). Supporting the conclusion that the mitigating efforts were successful and the environment outside the footprint remains unchanged.

The Antarctic and sub-Antarctic benthos remain some of the least human impacted macroepifauna assemblages on Earth (Rogers et al., 2020). It is therefore important to consider how to mitigate and measure any anthropogenic impact within the Southern Ocean. The monitoring project, although constrained as a consequence of the COVID-19 pandemic, demonstrates the low to negligible impact that the Biscoe Wharf extension has had on the local marine environment, which indicates that the various mitigation measures enacted were successful (Fothergill, 2018). When considering best practices and procedures for future monitoring of construction on seafloor biodiversity within Antarctica, we suggest the implementation of comprehensive monitoring regime, including monitoring of impacts during the construction phase and monitoring of the wider area. However, this study demonstrates the practical need for long term science to understand variability within the marine environment and how the understanding of the underlying mechanisms controlling biodiversity can be applied to quantifying the impact of anthropogenic activities.
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The terrestrial fauna of Antarctica consists of a limited number of species, notably insects, small crustaceans and other micro-invertebrates. Over long periods of evolutionary isolation, these organisms have developed varying degrees of tolerance to multifaceted environmental stresses. Recent molecular biogeographical research highlights the enduring persistence of much of Antarctica’s current terrestrial fauna, with estimates spanning from hundreds of thousands to millions of years. Parochlus steinenii, commonly known as the Antarctic winged midge, stands out as one of the only two insect species native to Antarctica. Distributed across three biogeographic regions, southern South America and the Falkland/Malvinas Islands, sub-Antarctic South Georgia and the Maritime Antarctic South Shetland Islands, this midge raises questions about the temporal isolation of its populations and their divergence. Employing mitochondrial and nuclear genetic markers, we conducted phylogeographic and demographic analyses on 151 individuals of P. steinenii obtained across the three main biogeographic regions including the Magellanic sub-Antarctic Ecoregion (MSE) of southern South America, the sub-Antarctic Island of South Georgia (SG) and the South Shetland Islands (SSI) within the Maritime Antarctic (MA). Our data support the diversification of P. steinenii during the mid-Pleistocene around 1.46 Mya. This period included a branching event between a clade containing only specimens from the MSE and a clade containing individuals from a broader range of locations including the SSI and SG. Based on intraspecific phylogeographic and demographic inferences, we detected strong evolutionary divergence between the three main biogeographic regions. We also detected a signal of population growth during the deglaciation process in SSI and SG, contrary to the pattern seen in the MSE. The different demographic and phylogeographic histories between the sampled biogeographic regions could result from the MA and SG experiencing a strong genetic bottleneck due to a reduction in population size during the Last Glacial Maximum, while the MSE maintained a significant effective population size. The high level of divergence detected between individuals from the MSE and the remaining biogeographic regions supports the hypothesis of a speciation process taking place in P. steinenii.
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Introduction

Today’s Antarctic terrestrial fauna is largely restricted to ice-free areas of the continent, which contribute only ~0.3% of the total continental area, increasing to ~3% in the milder Antarctic Peninsula region. The fauna of the Maritime Antarctic, including the Antarctic Peninsula and Scotia Arc archipelagos, as well as the sub-Antarctic region, exhibits a low diversity characterized by isolated populations. It primarily consists of insects and small crustaceans representing the arthropods, along with tardigrades, rotifers, nematodes, and protozoans (Chown and Convey, 2016; Convey and Biersma, 2024). Over the course of millions of years, this distinct group of organisms has developed and diversified in response to a wide range of environmental stresses. Recent phylogeographic studies strongly suggests that many species within Antarctica’s terrestrial biota have persisted for long periods, with estimated persistence ranging from hundreds of thousands to multi-million year timescales (Convey et al., 2008, 2020; Verleyen et al., 2021; Maturana et al., 2022). Conversely, a smaller number of studies have reported evidence supporting more recent mid- to post-Pleistocene colonization from lower latitudes (van de Wouw et al., 2008; Biersma et al., 2020). Contemporary terrestrial biodiversity in Antarctica therefore consists of a mixture of species that have survived the repeated glacial maxima in local refugia and then recolonized subsequently deglaciated areas, or have arrived more recently through inter-and post-glacial dispersal from lower latitude areas that remained ice-free, or are present through a combination of both mechanisms (Maturana et al., 2022).

The terrestrial fauna of the Antarctic region is closely related to South America, with intimate geographical, biological, geological and glaciological histories (Mercer, 1976; Clapperton and Sugden, 1988; Clapperton, 1990; Rodbell et al., 2009) as evidenced by the presence of shared non-biting midges (Diptera: Chironomidae), and crustaceans (Copepoda and Anostraca). Even though much still remains to be resolved in clarifying the relationships of sub-Antarctic and Antarctic taxa to their sister-groups in South America, the available evidence allows the development of hypotheses and predictions relating to the temporal scale of species divergence and subsequent colonization of the Antarctic region, such as the long-term presence of Antarctic biota and persistence of populations in ice-free areas (Convey et al., 2008), or the dispersal patterns in Belgica antarctica Jacobs, 1900, the endemic wingless Antarctic midge (Allegrucci et al., 2012).

Although there has been significant scientific effort on certain taxonomic groups, understanding in this area remains limited. This lack of knowledge makes it challenging to comprehensively analyze evolutionary patterns in the region. One such poorly studied taxon is Parochlus steinenii (Gercke, 1889) (Diptera: Chironomidae), commonly known as the Antarctic winged midge and one of only two insect species native to the Antarctic continent, along with B. antartica. Parochlus steinenii occurs naturally in southern South America, the Falkland/Malvinas Islands, sub-Antarctic South Georgia, and the South Shetland Islands in Maritime Antarctica (Gañán et al., 2021). Brundin (1966) redescribed the species from adults and pupae collected in Tierra del Fuego, along with the first description of Parochlus steinenii brevipennis Brundin, 1966, a sub-species found in the Andes of Central Chile, south of the Argentinian city of Bariloche (34°S, 893 m.a.s.l.) (Brundin, 1966). Various aspects of the species’ biology have been studied, including occurrences, morphology, phenology and physiology (Brundin, 1966; Edwards and Usher, 1985; Rauschert, 1985; Shimada et al., 1991; Convey et al., 1996; Gañán et al., 2021; Pertierra et al., 2021; Contador et al., 2023) but its genetic diversity, phylogeographic structure and historical demographic processes have yet to be assessed, other than in the very preliminary data presented by Allegrucci et al. (2006).

Despite being capable of flight, P. steinenii may face challenges in dispersing across larger distances due to unfavorable abiotic conditions such as strong winds and cold temperatures. Its different life stages are found in both terrestrial and aquatic environments (Hahn and Reinhardt, 2006; Contador et al., 2023). The larvae and pupae are aquatic, inhabiting deeper permanent lakes where they can avoid entrapment in ice during winter, while the short-lived adults are terrestrial and are found in high abundance and density (approximately 600-800 individuals/m2) during the Antarctic summer at the edge of lakes and streams, where copulation and oviposition occur (Contador et al., 2023). Some freshwater ecosystems in these regions may be adversely affected by predicted future climatic changes, particularly if these lead to local drying or loss of water sources, which could impact the persistence of P. steinenii in its current distribution. In this context, the Antarctic winged midge may act as an effective sentinel of climate change across past, present and future scenarios in Antarctic and sub-Antarctic terrestrial and freshwater ecosystems.

The wide distribution of P. steinenii, and its apparently highly conserved morphology, raise questions about temporal isolation and potential speciation among regional populations. We hypothesize that molecular phylogeographic and demographic analyses using two genetic markers may reveal cryptic divergence and the timescales of persistence of Maritime and sub-Antarctic populations. Our results are important for understanding the long-term evolution of Antarctic terrestrial species and contribute to the debate surrounding evolutionary patterns in the sub- and Maritime Antarctic biota.





Materials and methods




Sampling

Specimens of P. steinenii were collected from freshwater bodies within three recognized biogeographic regions (Figure 1, for more detail see Supplementary Table S1): 1) Magellanic sub-Antarctic Ecoregion (MSE), in particular in Navarino Island, within the Cape Horn Biosphere Reserve; 2) the sub–Antarctic island of South Georgia (SG), including individuals from Bird Island (BI) and the South Georgian mainland (TP, STR and HB); and 3) the Maritime Antarctic (MA) specifically King George Island (KGI), Deception Island (DCI) and Livingston Island (LVI) in the South Shetland Islands (SSI). Adult flies were sampled during the austral summer from 2017 to 2023 from their natural habitats around lakes with the use of an entomological aspirator. Additionally, larvae and adults were also manually collected on Navarino Island from aquatic mosses in a lake near the summit of Bandera Hill, located close to the north coast of the island. All individuals were preserved in 95% ethanol and their geolocation was later included in GBIF (see Gañan et al., 2020). Additional searches were conducted in the Falkland/Malvinas Islands and South Orkney Islands, but no P. steinenii were observed. Taxonomic identity of the specimens was confirmed following Edwards and Usher (1985).

[image: Map showing the southern Atlantic Ocean region, including South Georgia, South Shetland Islands, and the Antarctic Peninsula. It features geographic and genetic data overlays, including clades labeled A and B with markers and branches. Key locations like Navarino Island are highlighted, indicating Magellanic Subantarctic Ecoregion. Major water bodies include the Atlantic Ocean and Drake Passage.]
Figure 1 | Historical biogeography reconstruction based on 151 cox1 sequences of Parochlus steinenii across the sampling areas. (A) Map of the sampling region in the Magellanic Subantarctic regions (MSE, red); sub-Antarctic Island of South Georgia (SG, orange), and Maritime Antarctic (MA, violet); (B) Bayesian Inference reconstruction using P. steinenii individuals. The values for node support are indicated for posterior probability/bootstrap from BI and ML analyses, respectively.





Data preparation and sequence editing

DNA was extracted using two main protocols, QIAGEN DNeasy Blood & Tissue, following (Maturana et al., 2022), and the QiAMP Extraction Kit, following the manufacturer’s protocols. All individuals were fully submerged in proteinase K+ATL buffer solution for 4 h at 56°C or overnight at 40°C; adults were not crushed to retain them as complete as possible for morphological examination, while larvae were partially or fully crushed before extraction.

Two DNA loci were amplified, two segments of the mitochondrial cytochrome c oxidase subunit I (cox1), and one segment of the nuclear DNA 28S rRNA gene. For the two segments of cox1, we used the universal primers LCO1490 and HCO2198 (Folmer et al., 1994) and UEA5 (AGTTTTAGCAGGAGCAATTACTAT) and UEA10 (TCCAATGCACTAATCTGCCATATTA) (Lunt et al., 1996), while for the 28S rRNA we used rD1.2a (CCCSSGTAATTTAAGCATATTA) and rD5a (GGYGTTGGTTGCTTAAGACAG) (Whiting, 2002). Detailed descriptions of the protocol and techniques used in the Polymerase Chain Reaction are given in Supplementary Material (S2). The products obtained were commercially sequenced by LGC Genomics (Germany) and Macrogen (South Korea).





Phylogenetic reconstruction

For the phylogenetic reconstructions we incorporated the sequences of P. steinenii into a comprehensive dataset depicting the main lineages of the genus Parochlus Enderlein1912 (Supplementary Table S3). Homologous DNA sequences were independently aligned for each genetic locus using MAFFT v7.505 (Katoh and Standley, 2013) using the web server (Katoh et al., 2019). We conducted traditional phylogenetic estimations using both Maximum Likelihood (ML) and Bayesian Inference (BI) algorithms. The appropriate sequence evolution model for each genetic locus was determined using bModelTest v1.2.1 (Bouckaert and Drummond, 2017) and ModelFinder (Kalyaanamoorthy et al., 2017). The GTR+Γ model was used for cox1 and the HKY+I+Γ model for 28S rRNA. We prepared a phylogenetic tree for each locus to check congruence between both datasets (Supplementary Figure S4). Subsequently, the sequences were concatenated, and we performed posterior analyses on a partitioned dataset, considering each genetic locus. ML reconstruction was carried out using RAxML v8.2.12 (Stamatakis, 2014) and the node support was assessed through a bootstrap analysis with 1000 pseudo-replicates. The tree was rooted with Zavrelimyia sp. following Cranston et al. (2010). Bayesian reconstruction was performed in MrBayes3 v2.6.7 (Ronquist et al., 2012). The BI analysis was run three times for 100 million generations each time, with tree sampling every 10,000 generations. The consensus tree considered a burn-in period of 25%. For the intraspecific phylogenetic tree using the complete cox1 dataset, we make a midpoint rooted Bayesian tree reconstruction based on GTR+CAT model for ML and GTR+Γ for BI, respectively. Convergence was assessed by checking that split frequencies had an average standard deviation below 0.01 and all parameters had effective sample sizes (ESS) > 200 using Tracer v.1.6 (Rambaut et al., 2014).





Genetic diversity and genealogical reconstruction

Levels of genetic polymorphism were determined for each locus using standard diversity indices including number of haplotypes/alleles (K), number of segregation sites (S), haplotype/allelic diversity (H), average number of pairwise differences (Π) and nucleotide diversity (π) for each of the sampling areas, including the entire MA (KGI, DCI and LVI), sub-Antarctic (TP, BI), and the MSE using DnaSP v6.12.3 (Rozas et al., 2017). We estimated the number of private alleles for each sampling area and region as a proxy to assess the potential existence of refugia (Maggs et al., 2008). Neutrality tests (Tajima’s D and Fu’s FS) were performed to assess deviation from the neutral model. Significant negative values for these tests provide evidence of excess of rare polymorphism in a population, indicating either recent demographic expansion or positive selection. Genealogical relationships were estimated for mitochondrial sequences by constructing a median-joining haplotype network (Bandelt et al., 1999) using PopArt v1.7 (Leigh et al., 2015).





Genetic and phylogeographic structure

We estimated levels of genetic differentiation among the recognized groups (MSE, SG and SSI), among populations within those groups, and within populations, through mean pairwise differences (ΦST, using Kimura-2P genetic distances) and haplotype frequencies (FST) in ARLEQUIN v3.5.2.2 (Excoffier and Heckel, 2006). 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). We used two different clustering methods to determine the spatial genetic structure and the spatial boundaries among them in P. steinenii. First, we used the GENELAND v4.0.7 package (Guillot et al., 2005) in the software R v3.6.1 (R Development Core Team, 2019). This Bayesian approach uses the Markov Chain Monte Carlo (MCMC) procedure to estimate the optimal clustering of samples based on geographic information. The analysis considers that spatially structured clusters are more probable than randomly distributed clusters in space. The most probable number of populations (K) was identified through ten independent MCMC analyses, each consisting of 10 million iterations with a thinning interval of 1000 iterations using the correlated frequency model. The range was limited between K = 1 and K = 5, with a burn-in of 25%. Second, we conducted an analysis of molecular variance (AMOVA) in Arlequin v3.5.2.2 to estimate the proportion of genetic variation explained by partitioning sampling sites into the different demographic units detected. This analysis characterizes spatial genetic structure by partitioning the variance within populations, among populations within groups and among groups.





Inference of demographic history of P. steinenii

We examined historical demography of the different previously identified genetic clusters (GENELAND and AMOVA), based on the cox1 marker. First, we compared observed mismatch distributions (Rogers and Harpending, 1992) implemented in DnaSP. We calculated Harpending’s Raggedness index (rH) in Arlequin v3.5.2.2 to test the unimodality of observed data. Second, we estimated population growth trends over time, through Bayesian Skyline Plots (BSP, Drummond and Bouckaert, 2014) implemented in BEAST v2.5 (Bouckaert et al., 2019). The running conditions considered 100 million iterations with parameter sampling every 10,000 steps, discarding the initial 25% of steps in the analysis. We used a population substitution rate of tenfold the evolutionary rate (7.5% per million year, Martin et al., 2002a, b) to estimate the most recent common ancestor (TMRCA) of each genetic group, as this more accurately reflects the rate at which new haplotypes appear (Ho et al., 2011, 2015). This better accounts for the time-dependence of molecular evolution at population level, brings divergence estimates closer to the present and avoids over-estimation of recent divergences when analysing intraspecific lineages.





Divergence time estimations

To estimate divergence times, we utilized BEAST v2.5 with a reduced dataset comprising mitochondrial haplotypes retrieved using DnaSP. We performed a phylogenetic reconstruction combining a phylogenetic mutation rate with a population substitution rate (Ho et al., 2008). We estimated divergence times between the two main clades (Clade A and Clade B) using a phylogenetic rate, as it relates to the substitution rate at which mutation are fixed among clades. This was conducted using an optimized relaxed clock (ORC) model (Douglas et al., 2021) with a substitution rate of 0.75% per million years, a rate proposed for Chironomidae (Martin et al., 2002a, b) and previously used for Parochlus (Allegrucci et al., 2012). For the mutation rate, we used a population rate obtained to estimate the TMRCA of each clade, as it considers the rate at which new haplotypes appear in the clade. Three independent runs of 100 million generations each were conducted, with samples collected every 10,000 iterations. Convergence of results was assessed using Tracer v1.7.2 (Rambaut et al., 2018), and the results were summarized in a single ultrametric tree using TreeAnnotator v2.5.1 (Drummond et al., 2012). The final tree was constructed using the results of both approaches with the Chronos function in ape v5.7-1package (Paradis, 2013) in R, using a sequential secondary age calibration with the time of divergence of the main clades and TMRCA of each lineage (see another example in Pérez-Alvarez et al., 2021).






Results




Occurrence of Parochlus steinenii and molecular sequence data

Within the framework of this study, we sampled from 16 freshwater sites within the species’ reported distribution across Maritime and sub-Antarctic regions and southern South America (Figure 1A, for more details see Supplementary Material S1, and Gañán et al., 2021). Two sites were in the MSE (IN = 9, NI = 12 sequences), four in sub-Antarctic South Georgia (BI = 5, TP = 16, STR = 14, HB = 11), and 10 in the South Shetland Islands (KGI = 40, DCI = 18, LVI = 26). The results of Xia’s test showed low substitution saturation (Iss = 0.2; Iss.c = 0.8; p < 0.05) under the assumption of both symmetrical and asymmetrical tree topologies for all OTU subsets. Similarly, PhyloMad results indicated a low risk of substitution saturation for cox1, considering codon positions 1–2 and position 3 independently. Regarding the simple linear regression plots of genetic distances (uncorrected vs. model corrected) identified deviations for cox1 codon position 3 only (R2 = 0.784). Plots for codons 1 and 2 combined indicated strong linear correlations between uncorrected and model-corrected genetic distances (R2 = 1). When codon 3 was combined with codons 1 and 2, the coefficient of determination remained high (R2 = 0.995), supporting the inclusion of codon 3 for estimating evolutionary relationships. For interspecific phylogenetic tree we used a concatenated data considering one fragment of 699 bp length of cox1 (under the Folmer universal primers) and 28S rRNA, resulting in 1347 bp. This concatenated dataset included 264 and 213 segregating sites for cox1, and 28S rRNA, respectively. For the intraspecific analyses, a total of 151 sequences for cox1 and 26 sequences for 28S rRNA were obtained. However, there was no variation in the 28S rRNA sequences within P. steinenii, so no further population analyses were carried out using this locus. We included a final alignment of two cox1 fragments – considering two mitochondrial fragments obtained from Folmer’s universal and UEA set of primers – of a total length of 1470 bp, with 80 variable sites (5.4%), and did not include insertions/deletions or stop codons.





Phylogenetic reconstruction

The haplotype tree topology of P. steinenii identified the divergence of two main clades, (A) and (B), with high posterior probability (PP) and bootstrap support (BS) (Figure 1B). Clade B showed a well-supported SG clade, separated from remaining but unresolved SSI specimens (Figure 1B). The concatenated 28S rRNA and cox1 phylogenetic reconstruction recovered the relationships within the subfamily Podonominae and the monophyly of P. steinenii (Figure 2). At the same time, individuals from the Maritime Antarctic (MA) populations were more closely related to those from sub-Antarctic South Georgia (SG) than to those from the MSE (Allegrucci et al., 2006). Within the Parochlus clade, MA, MSE and SG groups formed a monophyletic group together with previously published sequences of P. steinenii from SG (Cranston et al., 2010). This clade was recovered in an early branching event relative to the other available Parochlus species sequences from northern latitudes of South America (Peru, Chile, Argentina) and New Zealand (Figure 2).
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Figure 2 | Phylogenetic reconstruction of Podonominae based on concatenated data. Maximum Likelihood reconstruction, including members of the subfamily Podonominae with emphasis on Parochlus spp. Information in brackets represent the sequence code used for the analysis (within P. steinenii), and sampling site for each sequence. Values for the nodes support are indicated for posterior probability/bootstrap, respectively.





Global diversity

Global mitochondrial haplotype diversity (Hd) was 0.922, with no substantial variation among the three biogeographic regions analyzed (Table 1). The MSE population exhibited the highest level of diversity, in terms of nucleotide diversity (Π = 7.44) and fewer haplotypes (K = 11), despite having a smaller sample size (n = 21). The sub-Antarctic SG and the Maritime Antarctic SSI populations showed similar genetic diversity patterns in terms of nucleotide diversity (Π = 3.04 and 1.2, respectively) and numbers of haplotypes (K = 27 and 28, respectively).

Table 1 | Diversity indices and neutrality tests for Parochlus steinenii sampled across three biogeographic regions.


[image: Table summarizing genetic data across three biogeographic regions: Magellan Subantarctic Ecoregion (Navarino Island), Sub-Antarctic Islands (South Georgia), and Antarctica (South Shetland Islands). It includes sequences count, segregation sites, pairwise differences, haplotype diversity, haplotypes number, nucleotide diversity, private alleles, and statistical tests (Tajima's D and Fu and Fs). Significant p-values are noted with asterisks. Total values are displayed at the bottom.]
The median-joining haplotype network showed three main groups, without any shared haplotypes (Figure 3). The MSE was the most distinct haplogroup, separated by 10 mutational steps from MA and SG. It also displayed a more expanded genealogy, with several mutational steps between each haplotype, contrasting with those in MA and SG, which displayed a star-like topology and short genealogy.

[image: Network diagram illustrating genetic relationships among samples from three regions: Magellanic sub-Antarctic Ecoregion (red), South Georgia (orange), and Maritime Antarctica (purple). Node sizes reflect sample quantity, with larger nodes representing ten samples. An insect silhouette appears below the diagram.]
Figure 3 | Haplotype network for Parochlus steinenii based on 151 mtDNA cox1 sequences spanning the species’ distribution. Neighbor-joining network illustrating the distribution of haplotypes across lakes in the Magellanic Subantarctic Ecoregion, South Georgia and the South Shetland Islands. Circles sizes are proportional to haplotype frequency.





Genetic and phylogeographic structure

The Bayesian analysis of the number of genetic groups and the spatial clustering algorithm obtained with GENELAND detected three genetic clusters (K = 3, PP = 0.65, Figure 3), in agreement with the three biogeographic regions (i.e., MSE, SG and MA). The posterior probabilities associated with the definition of populations was on average 0.7, corresponding to the boundary between these clusters across the Polar Front (PF), which is located northern of SSI and SG (Figure 4). Similarly, AMOVA of comparison of pairwise differences (Supplementary Table S5), also confirmed the greatest differentiation between MSE and the combination of SG and SSI (70.41%, FCT = 0.704, p < 0.01), while differentiation within groups only explained 2.72% (FSC = 0.092, p < 0.01) of the total genetic variance. Pairwise comparison based on two statistics related to genetic (FST) and phylogeographic (ΦST) differentiation, showed significant structure across the three main biogeographic areas (Supplementary Table S6). In particular, the levels of genetic differentiation within SSI and SG were very low (SSI: FST = 0.145, ΦST = 0.052; SG: FST = 0.106, ΦST = 0.199, for more details see Supplementary Table S7).
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Figure 4 | Spatial genetic structure of Parochlus steinenii from the spatial model in Geneland across the three biogeographic regions sampled. Higher posterior probabilities of population membership are indicated in yellow for each sampling site (A) MSE, (B) SG, (C) MA. Black circles indicate the relative position of the sampling localities. Posterior probabilities of membership were plotted with the shapefiles of Scotia Arc coastline available in the repository in the Antarctic digital database from the British Antarctic survey (BAS). https://add.data.bas.ac.uk.





Past demographics events

As expected for star-like genealogy, both neutrality tests Tajima’s D and Fu’s Fs were highly negative and significant (Table 1) for MA and SG, but positive and not significant for the MSE. The distribution of pairwise differences analyzed through Mismatch Analyses (MMA), varied between the different demographic units of P. steinenii. The MA and SG showed a typical unimodal curve and smooth distribution (Figure 5), representing a classical population expansion. In case of the SG populations, the curve moved to the right, indicating more mutation accumulation over time. As expected, the Harpending’s raggedness index was not significant in SG (rH = 0.027, p > 0.05) or MA (rH = 0.079, p > 0.05). Likewise, the analysis revealed a non-significant SSD value in SG (SSD = 0.001, p > 0.05) and SSI (SSD = 0.003, p > 0.05), supporting a spatial expansion for both populations In contrast, the MSE population exhibited a multimodal distribution (Figure 5) and its Harpending’s raggedness index was significant (rH = 0.099, p < 0.05). Likewise, the analysis revealed a significant SSD value (SSD = 0.060, p < 0.05), refuting the demographic model of spatial expansion for the South American population and, rather, supporting population equilibrium. Based on Bayesian Inference phylogenetic reconstruction, haplotype network and the genetic differentiation index, we identified the three haplogroups aligning with the three specific geographic areas as separated and independent demographic units. Bayesian Skyline Plot analyses were conducted using the 10× corrected substitution rate (Figure 5), providing historical population dynamic patterns and dates for TMRCA for the three demographic and evolutionary units (MA, SG and MSE). MSE had the oldest TMRCA of ca. 112,000 YBP (95% highest posterior density 95%HPD = 47.8 – 200 ka), followed by SG (ca. 50,000 YBP; 95%HPD: 19.6 – 92.1 ka), and finally MA (ca. 30,000 YBP; 95%HPD: 10.2 – 65.9 ka). The date of the onset of population expansion in SSI was estimated at ca. 10,000 YBP, while SG expanded earlier at ca. 20,000 YBP. For the MSE population, we did not detect a population expansion signal. Values of TMRCA were within the same range values obtained from the τ = 2μt values from the Mismatch Analyses (MSE: τ  = 4.005, 36,035 YBP; SG: τ = 3.043, 13,500  YBP; MA: τ = 1.295, 11,655 YBP) (Figure 5).

[image: Three panels compare population size and frequencies in the Magellanic Region, South Georgia, and South Shetland Islands. Left graphs show population size over time with confidence intervals. Right graphs display observed and expected frequency distributions of pairwise differences. Different colors represent regions.]
Figure 5 | Historical demographic trajectories of Parochlus steinenii within its distribution in the Magellanic Subantarctic Ecoregion (red), South Georgia (yellow) and South Shetland Islands (violet). Left panels: Past demographic changes constructed using Bayesian Skyline Plot approach based on cox1 haplotypes. The y-axis is the product of the effective population sizes (Ne) and generation length in a log scale. The x-axis is the time before present (Myr). The median estimate (solid black line) and 95% highest probability density (HPD) limits (colored area) are shown. The thick dashed line represents the time of the most recent common ancestor (TMRCA). Right panels: Distribution of pairwise differences of cox1 for each demographic unit. Values of Tau are shown.





Divergence time estimations

The haplotype phylogenetic reconstruction based on cox1 shows a clear assortment of haplotypes according to their geographic origin (MSE, SG and MA), as previously observed in the concatenated phylogenetic reconstruction (Figure 1), and the haplotype network (Figure 2). Using sequential calibration points, the divergence times estimated among the main clades of Parochlus suggest the MSE lineage as the first clade-group to diverge (Clade A), around 1.46 Mya (95%HPD): 0.87 – 2.10 Mya), followed by the divergence between MA and SG lineages (Clade B) around 0.84 Mya (95%HPD: 0.50 – 1.25 Mya). The age for each population node was obtained from the TMRCA in BSP analyses (Figure 6).

[image: Phylogenetic tree showing evolutionary relationships among species from the Magellanic sub-Antarctic Ecoregion, South Georgia, and Maritime Antarctica over two million years. Clade A and B are labeled with divergence times of zero point eleven and zero point eighty-four million years. Branches are color-coded: red for Magellanic, orange for South Georgia, and purple for Maritime Antarctica.]
Figure 6 | Phylogenetic reconstruction based on haplotypes cox1 data showing divergence times of Parochlus steinenii across its distribution in sub- and maritime Antarctica. Nodes ages are the median values from both Bayesian Molecular Clock analyses and TMRCA of each clade estimated with Bayesian Skyline Plot. In each clade of interest (MSE, SG and MA), nodes bar indicated the 95%HPD. The colored tip represents the colors of the sampling region.






Discussion

Our molecular data are consistent with previous phylogenetic analyses of Parochlus (Allegrucci et al., 2006; Cranston et al., 2010), in suggesting a sub-Antarctic and Antarctic clade that is distinct from all remaining Parochlus species. We identified two distinct lineages currently distributed in Clade (A) MSE, and Clade (B) MA and SG. Additionally, we detected a second branching event within Clade B, differentiating specimens from SG and MA. Based on intraspecific phylogeographic, demographic inference and genetic structure, this finding suggests three distinct evolutionary and demographic units, matching the three sampled biogeographic regions.




Long-term persistence of Parochlus steinenii in multiple refugia

Given the existence of two clades whose origin is during the Pliocene (1.46 Mya), the presence of private alleles in each population, the deeply diverged haplogroups/clades and distinct reciprocally monophyletic cluster, suggest the presence of separated and multiple refugia within the present distribution of the species. The diversification of P. steineni agrees with the start of the intensification of the glacial cycles during the Pliocene–Pleistocene (Zachos et al., 2001). These results support the long-term persistence of P. steinenii in sub-Antarctic and Maritime Antarctic regions, adding further supporting evidence to the recurring pattern of long-term persistence across a range of Antarctic terrestrial and freshwater invertebrates (see Convey et al., 2020 and citation therein; Verleyen et al., 2021; Maturana et al., 2022; Short et al., 2022). Though phylogeographic approaches can identify one of the outcomes of isolation from ancestral panmixia due to refugia (allopatry among populations), we must also consider factors that maintain regional distinction during interglacial periods, such as physical, environmental or selective mechanisms that may limit gene flow among populations (Maggs et al., 2008).





Contrasting historical demographic processes

The representatives of Clade A were collected on Navarino Island in the Cape Horn Biosphere Reserve (CHBR), south of Tierra del Fuego. The lake sampled is located below Bandera Hill at 700 m a.s.l, and represents the only population sampled for genetic analyses within the MSE. The species has also been recorded at Horn Island, slightly further south in the Cape Horn archipelago, from a lake at similar altitude (see Gañan et al., 2020). The MSE population is characterized by high genetic diversity, an extended network topology and older TMRCA, with no signal of past demographic growth. Such genetic and demographic patterns suggest that this population maintained a significant effective population size during the intensification of glacial cycles throughout the Pleistocene, and has not experienced an interglacial population expansion unlike SG and MA. Additionally, the MSE population had a positive neutrality test, meaning a deficit of low frequency haplotypes and high divergence between them. Therefore, we proposed that P. steinenii is a polar/cold-adapted species with effective interglacial refugia at high altitude in MSE (see cryptic southern refugia section, Stewart et al., 2010), as described for other terrestrial examples in the Northern Hemisphere (Hirao et al., 2015). This plausible scenario of P. steinenii as a cold-adapted species allows us also to explain 1) the disjunct distribution and high percentage of divergence from representatives from SG and MA (which represent polar refugia at higher southern latitudes); 2) the persistence in high altitude ecosystems such as small rivers and marginal meltwater channels, similar to the habitats in which they are found today in their current MSE distribution range (Contador et al., 2023); and 3) the abundance and frequency of occurrences within South Shetland Islands, in particular Kitiesh Lake in King George Island where the population density is extremely high (T. Contador personal observations).

Conversely, the contemporary distribution of clade B included a broader allocation (SG, MA). In both populations, we found low levels of nucleotide diversity, unimodal curves in their Mismatch Analyses, and significant demographic expansion. Such a demographic pattern may reflect past contraction-expansion processes in response to climate oscillations, as has been frequently cited in phylogeographic studies of high-latitudes affected by the LGM (Provan and Bennett, 2008; Marko et al., 2010; Maturana et al., 2020). Considering that both SG and SSI are located south of the oceanic Antarctic Polar Front (APF), they would experience greater impact from ice-sheet advances during the LGM (Fraser et al., 2012; Hodgson et al., 2014). In consequence, these populations may have experienced strong bottlenecks due to drastic reductions in their population sizes. Further and ongoing research at small geographic scale, the use of more molecular markers (e.g. mitochondrial genomes), or more contemporary and polymorphic markers (e.g. SNPs), will be required to generate a possible scenarios with greater resolution for P. steinenii.

The archipelagoes of the Scotia Arc form a geological connection between the southern part of South America and the Antarctic Peninsula. The region is also one of Earth’s major ocean gateways and is critical for understanding the behavior of the main oceanographic currents and their influence on Southern Hemisphere biodiversity (Livermore et al., 2004; Scher and Martin, 2006). It is particularly complex in terms of its geology, glacial processes and the spatial distribution of biodiversity (Terauds et al., 2012). Studies based on available distribution records of vegetation (primarily bryophyte and lichen species) and certain groups of terrestrial invertebrates erected 16 distinct Antarctic Conservation Biogeographic Regions (ACBR, Terauds et al., 2012) in the region of Antarctic Treaty governance, three of which cover the western Antarctic Peninsula, South Shetland Islands and South Orkney Islands. This terrestrial biogeographic classification does not extend to the maritime Antarctic South Sandwich Islands, sub-Antarctic South Georgia, or the Magellan sub-Antarctic Ecoregion, contrary to the complex marine biogeographic regions, which have identified patterns and linkages across the Scotia Arc region (De Broyer and Koubbi, 2014; Koubbi et al., 2014; González-Wevar et al., 2022). Understanding the extent to which these biogeographical regions apply to any particular taxon, and how distributions may change given the appearance of new ice-free areas (Lee et al., 2022), are key to informing how biosecurity protocols should be implemented to minimize risks of anthropogenic transfer of native biota between different parts of this region (van Vuuren et al., 2018; Cukier et al., 2023) and in particular in freshwater ecosystems, which have not previously been included in such studies.





Regional differentiation as a common pattern in inland invertebrates

Based on our P. steinenii mtDNA sequences obtained from 16 locations across Maritime Antarctica (SSI) and different sub-Antarctic regions (SG, MSE), we detected strong genetic and phylogeographic differentiation combined with ancient population divergence. Our data support the deep divergence between Clade A and B, which may provide evidence of a speciation processes (genealogical lineages). This hypothesis of species differentiation within the overall distribution was also noted and discussed by Allegrucci et al. (2006). However, speciation processes must be considered carefully, since the nDNA did not detect any differentiation between both clades. The lack of any differentiation in the nuclear 28S rRNA gene versus the mtDNA is likely to reflect lower mutation rates in the nuclear gene and should be addressed in future studies by the inclusion of more nuclear genes.

Finally, our phylogeographic and genetic divergence estimates for P. steinenii are comparable to those reported in studies of other sympatric Maritime Antarctic invertebrates (McGaughran et al., 2010; van Vuuren et al., 2018; McGaughran et al., 2019), and the endemic Antarctic midge B. antarctica (Allegrucci et al., 2012; Edgington et al., 2023). Additionally, these divergence time estimates are consistent with those recently reported for the freshwater copepod, Boeckella poppei, based on cox1 sequences obtained across the same three biogeographic regions (Maturana et al., 2022).






Conclusions

The populations of P. steinenii examined in this study exhibited strong genetic and phylogeographic structure across the Maritime Antarctic, South Georgia and the Magellanic sub-Antarctic Ecoregion. This structure is also reflected in the phylogenetic reconstruction carried out, in which we found two main clades separating the MSE and SG/MA, with a subsequent branching between the latter. Based on the contrasting phylogeographic and demographic patterns between southern South America and Antarctica, we propose that P. steinenii is a cold-adapted polar species with interglacial refugia in the high mountains of southern Patagonia. The strong genetic and phylogeographic structure, as well as the timing of divergence, are in agreement with patterns reported in other sympatric terrestrial invertebrates. Further analyses focusing on multiple nuclear loci are required to confirm the possible speciation processes and document contemporary fine scale patterns within these three regions to fully understand the connectivity and dispersal mechanisms behind the different biogeographic scenarios proposed for P. steinenii. The movement of individuals between local populations is a crucial factor in the persistence and dynamics of entire meta-populations, especially in changing, fragmented and extreme environments (Lakovic et al., 2015). Understanding past and present connectivity between populations of the Antarctic winged midge can provide valuable insights into how resilient or responsive the species may be in the face of ongoing climate change.
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The Southern Ocean benthos is remarkably rich and diverse, and managed under a complexity of treaties and conventions, further complicated by geopolitical boundaries. Traditionally, conservation management is largely informed by species lists augmented, when data are available, by known vulnerability of the taxa. Species presence absence database resources are valuable tools with proven and positive management outcomes, however, in a vast, difficult to access and thus understudied region such as the Southern Ocean, there are large gaps in knowledge regarding the ecology, ecophysiology, life history and even species identity. Conservation biogeography identifies regions of conservation concern, rather than a species-by-species approach, but also relies on the availability of high-quality presence data from species lists and thus both approaches are undermined when species lists are inaccurate or species in general are poorly described. In addition, the data provide a snapshot of the current species diversity and have inadequate power to identify the processes underlying the patterns uncovered. Identifying historical processes common to shaping diversity (species or genetic) can be generalized across assemblages and regions, providing a more robust basis for conservation policy and decisions. In this study, largely based on consideration of Southern Ocean ophiuroids, we discuss the challenges inherent in using species lists, the power and limitations of genetic analyses, and revisit previous suggestions of building a spatial model of diversity that includes underlying evolutionary relationships transcending the simple species diversity approach, and that is applicable to assemblages, rather than just to individual taxa.
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1 Introduction

The Southern Ocean region and its rich natural resources are governed and managed by various international treaties and conventions further complicated by geopolitical boundaries. These agreements generally adopt a precautionary approach to management, conservation and exploitation, with areas south of 60 degrees of latitude falling under the Antarctic Treaty governance. However, areas under individual national governments are managed according to their specific interests and specific policy pressures. Where population sizes of species in assemblages are abundant, widespread and well connected, poor management or strong exploitation from small regional territories is unlikely to negatively impact the wider assemblage elements. However, small, regionally localized and isolated species or populations are vulnerable to pressures at small regional scales, whether they be anthropogenic or stochastic. Given that many of the nation states with territories or interests in the Southern Ocean are signatories of the Convention on Biological Diversity that explicitly defines biodiversity as including within and between species variation (Article 2), it is essential that some understanding of the biological systems is generated in order to best approach conservation management if required.

The benthic faunal assemblage of the Southern Ocean is traditionally viewed as “Antarctic”, with some influence from the South American shelf fauna around the sub-Antarctic islands (Hedgpeth, 1969; Griffiths et al., 2009). Under this paradigm, there is little need for concern regarding the small, regionally managed locations in the Southern Ocean as any regional assemblages in decline at this scale can be continually seeded from the vast and well-connected populations surrounding them. However, the Southern Ocean benthos is very difficult to study, and as a result poorly understood in regard to any aspect of its ecology, ecophysiology, even species identity. The past 20 years have seen a change in the way biodiversity is assessed and a wealth of genetic data is challenging the widespread assumption of a general “Antarctic” fauna (Linse et al., 2007; Leese and Held, 2008; Havermans et al., 2011; Dietz et al., 2015; Dömel et al., 2017; Guzzi et al., 2022). Rather than well-connected assemblages with large population sizes, genetic data – largely mitochondrial sequences – imply that biogeographically structured populations may be the norm, potentially with many cryptic or currently unrecognized species, or at least isolated populations following independent evolutionary trajectories.

The resources available for assessing diversity patterns used in first pass conservation assessment across the vast and relatively unknown Southern Ocean largely consist of species lists such as the Global Biodiversity Information Facility (GBIF, 2024) and the International Union for Conservation of Nature’s (IUCN) Red List (IUCN Red List, 2024), the latter augmented by information regarding each species’ vulnerability status (Hilton-Taylor and Brackett, 2000; Rodrigues et al., 2006; Vié et al., 2009). These are demonstrably valuable resources (Heberling et al., 2021) and freely available online. Their full value relies heavily on the extent of data being collected (Huettmann, 2020) and its quality (Abe, 2005; Zizka et al., 2020; Rocha-Ortega et al., 2021). Unreliable taxonomic identification is certainly a significant issue, but a more pressing and perhaps damaging challenge is given by formal taxonomic descriptions that are inadequate for subsequent confident identification or that inadvertently underestimate species diversity. These taxonomic limitations will overestimate species distributions, population sizes and connectivity, the three key elements that inform assessment of a species’ vulnerability status. Genetic techniques can ameliorate these limitations, but associating genetic diversity with species diversity is difficult and controversial (Blaxter, 2004; DeSalle et al., 2005; Ebach and Holdrege, 2005; Cook et al., 2010). Complicating this further is the ongoing debate regarding what a species is and its relevance in biology (Aldhebiani, 2018; Stanton et al., 2019). With species lists requiring accurate species descriptions, many available species descriptions are currently inadequate in relation to the distribution of genetic diversity, and genetic diversity in turn not reflected in species descriptions required for species lists, a problem exists that is set to confound efforts to assess diversity patterns essential for raising conservation awareness.

Here we share a perspective for an alternative strategy to reliance on presence/absence species lists, based on a proven technique that uses information relating to the processes that underly geographic patterns observed in genetic sequence data (Taberlet and Bouvet, 1994; Moritz and Faith, 1998; Emerson et al., 2001). Shared historical processes can be inferred from genetic data of selected target species across a landscape. Such processes are likely to have been experienced by all species in any given assemblage. Recognition of this provides this provides a model that can help inform managers of the geographic extent of diversity, the size of local populations and the connectivity between populations, allowing inference of the potential for resilience in any given species or population. The benefit of such an approach is that it circumvents the need for accurate “traditional” species identifications. At the same time, it helps define potential species boundaries, highlights patterns of variation along the species continuum, and provides both geographic, ecological and evolutionary information regarding population (and by extension, assemblage) resilience.

As conservation management and policy are currently tightly bound to formally described species, traditional taxonomy is time intensive and relies on a rapidly dwindling skill pool (Wägele et al., 2011; Saucède et al., 2020), the number of putative new species “discovered” in molecular studies vastly exceeds the rate at which new species descriptions are possible. This creates a profound challenge that undermines the key importance of the IUCN Red List and the multitude of conventions it informs. In essence the bulk of the diversity on Earth is likely to be a large underestimate, and while the focus of conservation efforts is directed on a species-by-species basis, this is at a cost to regional assemblages holding unappreciated, unique diversity.




2 The species challenge: do species matter?

The term “species” is used frequently in biology and by non-biologists referring to biological units. Very few would argue with this and yet an acceptable definition, or concept, of a “species” remains elusive leading to a long running debate that has been described as “…sometimes boring and seemingly fruitless, but is not wholly futile” (Simpson, 1951). The debate continues with the concept of a species recognized as fundamental to biology, but controversial amongst biologists (Wheeler and Meier, 2000). There are currently at least 28 competing species concepts (Wilkins, 2018), each providing arguments justifying the specific groupings as recognized by the responsible authors. The challenge, with so many views on what a species may be, and the variety of concepts created, is that they are often incompatible in their outcomes, with individuals or populations being included in or excluded from a given species depending on which definition is adopted. Underlying this debate is the fact that the process of speciation is a continuum over time, that the time taken to “speciate” differs among species, the species or population under examination may be anywhere along the speciation continuum and the species concept criterion applied may also vary along that continuum. For example, where ecological or sexual selection is strong, such as with cichlid fish (Barluenga and Meyer, 2004), speciation as determined by discrete morphology or ecology may be readily apparent, fitting the ecological and morphological species concept, and yet the same groupings may be impossible to detect using genetic sequence data, thereby not satisfying the phylogenetic, Hennigian or cladistic species concept.

To enable meaningful comparison of species across space and time, species concepts matter (Cracraft, 2000), especially within a management context. The term “species” is critical for conservation biology, as it has been almost universally adopted as the base level of diversity. Of particular note in this context is the IUCN Red List, widely adopted by international conventions and treaties such as the Convention on International Trade in Endangered Species (CITES), Convention on Migratory Species (CMS), Convention on Biological Diversity (CBD), Ramsar Convention and Intergovernmental Science-policy Platform on Biodiversity and Ecosystem Services (IPBES). The Red List influences resource allocation (e.g. Global Environment Facility) and informs conservation planning (e.g. Key Biodiversity Areas; IUCN Red List, 2022). The central criterion required before initiating a Red List assessment is that the unit being assessed is “at or below the species level” (IUCN Red List Categories and Criteria V3.1 second edition, Preamble, paragraph 1), confirming that the base level of diversity is the species, with the recognition that further subdivision is possible.

On this basis, “species” do matter, specifically formally described species. This leads to the question: to what extent does the accurate parameterization of a species affect conservation biology, particularly in the light of confusing concepts and definitions? Answering this question is long and complex and depends on perspective and context. In the context of biodiversity management across a large realm managed by multiple states, treaties and conventions, such as the Southern Ocean, we suggest that any consequences of overestimating diversity based on “species” assemblages would be negligible, whereas underestimating diversity could be catastrophic.




3 Does DNA hold the solution?

The advent of DNA sequencing and phylogenetic reconstruction has resulted in an understanding of the systematic structure of the tree of life (Li et al., 2021) far exceeding the expectations of the evolutionary biologists of previous generations (Dobzhansky, 1935). In some groups, the use of multiple genetic markers and sophisticated analyses has resulted in very high resolution of relationships. Here, we focus as an exemplar on the work being carried out on class Ophiuroidea, known as brittle stars (O’Hara et al., 2017), where phylogenetic relationships have been reconciled with previously unappreciated informative morphological characters (Thuy and Stöhr, 2016) to formally restructure the taxonomy of the class (O’Hara et al., 2018). However, taking genetic inference at face value, without independent supporting evidence, can lead to the proposal of false relationships and incorrect interpretations.

The start of the twenty-first century saw a movement towards DNA based taxonomy, species delimitation and identification (Tautz et al., 2002; Wiens and Penkrot, 2002; Tautz et al., 2003; Blaxter, 2004; Hebert and Gregory, 2005). With the investment of substantial funding, initiatives such as the International Barcode of Life (International Barcode of Life – Illuminate Biodiversity, 2024) have resulted in many thousands of studies contributing data to resources such as the Barcode of Life Database (Ratnasingham and Hebert, 2007), which currently displays a total of 255,000 animal species with sequence data, relating to 1,046,000 “BINS” or putative DNA barcode species from 15,910,000 DNA barcodes (http://www.boldsystems.org accessed 28th February 2024). Whether this is an appropriate strategy for determining species or not is debatable, but the publicly available resource of a DNA sequence alongside a georeferenced specimen that has been unambiguously identified is precious, widely comparable and growing. There has been considerable resistance to the concept of DNA barcoding and its use in taxonomy (Mallet and Willmott, 2003; DeSalle et al., 2005; Ebach and Holdrege, 2005; Will et al., 2005). A synopsis of this debate is that DNA barcoding as a step in taxonomic discovery is useful but with exceptions. Incomplete lineage sorting and introgression can confuse genetic signals. Furthermore, population theory suggests that large, stable populations will hold large amounts of diversity over long periods of time (Pfaffelhuber et al., 2011; Nordborg, 2019), which could be confused with deeply divergent clades on a phylogeny. For a large number of well-characterized species, mitochondrial DNA sequences do indeed accurately define individual species groups (Hogg and Hebert, 2004; Rock et al., 2008; Ward et al., 2008; Jossart et al., 2021), but results and interpretations should be viewed with caution (Havermans et al., 2010, 2011).




4 Repeated patterns in genes and geography

Given the difficulties surrounding defining a species, the challenges of describing species and general uncertainty in assigning species using molecular techniques, a change in perspective is required. Patterns shared across taxa indicate shared historical events, in which case they probably represent the structure of assemblages (Moritz and Faith, 1998). The subdiscipline that specifically addresses the spatial distribution of genetic diversity is known as phylogeography (Avise et al., 1987; Avise, 2000). When analyses of co-distributed species are involved it is termed comparative phylogeography (Bermingham and Moritz, 1998). Linking gene trees, or evolutionary relationships, to geography provides historical information relevant to the formation of discrete spatial distributions (Taberlet et al., 1998; Hewitt, 2004). The information generated from such analyses transcends that of species diversity or richness (Taberlet et al., 2012) as it spans the divergence continuum from individuals to species and beyond.

Benthic species diversity is high in the Southern Ocean (Arntz et al., 1994; Brey et al., 1994; Clarke and Johnston, 2003) with representatives of the class Ophiuroidea (Figure 1) often the most abundant in terms of numbers and biomass (Martín-Ledo and López-González, 2013; Sands et al., 2013). Several studies have identified cryptic diversity in Southern Ocean ophiuroids (Hunter and Halanych, 2008; Martín-Ledo et al., 2013; Sands et al., 2015; Galaska et al., 2017a, b; Jossart et al., 2019; Sands et al., 2021). For example, the sub-Antarctic species Ophiuroglypha lymani Ljungman, 1871 forms several island-specific clades, including one in which its sister species, the Antarctic shelf endemic Ophiuroglypha carinifera Koehler, 1901 is subsumed (Sands et al., 2015). Similarly, Astrotoma agassizii Lyman, 1875 has several discrete clades across the Southern Ocean, one which includes its sister species Astrotoma drachii Guille, 1979 (Jossart et al., 2019).

[image: Underwater scene featuring a seafloor with diverse marine life. Various organisms, including sea stars and sponges, are visible along with coiled white crinoids. The surrounding area is dimly lit, creating a mysterious atmosphere.]
Figure 1 | Image of the sea floor from the Eastern Weddell Sea at a depth of ~300m. The large brittle stars attached to hexactinellid sponges are Astrotoma agassizii, the brittle stars covered in Iophon sponge symbiont are Ophioplinthus gelida, and the white brittle star in the foreground is Ophiostiera antarctica. The photograph was taken using an ROV by Tomas Lundäv and used with permission.

There is strong evidence that both Astrotoma agassizii and Ophiuroglypha lymani represent species complexes. In these two examples, this results in increased overall diversity while individual population sizes have decreased. Both species groups appear to have congruent phylogeographic structure – in that it appears that clades are specific to island shelf regions and the Antarctic shelf region (Sands et al., 2015; Jossart et al., 2019). Most interesting perhaps is the sister-species/outgroup problem as, in both cases, the sister-species appears to be an element of the species complex rather than an outgroup, and this pattern has been found again with respect to Amphiura belgicae Koehler, 1900 and A. eugeniae Ljungman, 1867, its likely sister-species. (Sands et al. This Volume). This again suggests shared demographic histories and provides a starting point for comparative analyses.




5 A generalized model of genetic variation across the Southern Ocean

The concept that regions of conservation value can be identified based on co-distribution of discrete genetic variation between species is not new (Faith, 1992, 1993). Over the past 30 years the field has matured (Garrick et al., 2015; Edwards et al., 2022; McGaughran et al., 2022), with the cost of laboratory work much reduced and the sophistication and sensitivity of analyses greatly increased. Based on some of the above citations we can generalize that the island shelves around the Southern Ocean, particularly South Georgia, appear to contain discrete genetic types distinct from those around the Antarctic (Linse et al., 2007; Sands et al., 2015; Jossart et al., 2019). This is the basis of a model and more taxa should be added to strengthen it. The effects of the shared historical process may not be recorded in the genetic regions of all members of an assemblage, as life history difference in particular having a strong influence on retained polymorphisms (Avise, 2009; da Silva Ribeiro et al., 2020). For example, decapods with high dispersal capacity show a Southern Ocean wide panmictic distribution (Raupach et al., 2010; Dambach et al., 2016). Most individuals across the Southern Ocean are from species with some developmental stage with high dispersal capacity, but most “species” tend to have low dispersal in general (Poulin et al., 2002). For this reason choosing an appropriate taxon that is likely to have retained ancestral signal in its DNA is important for adequately building and testing a model such as we are suggesting.

Choosing taxa likely to hold historical information is one consideration. Others are the sample size and geographic spread of the study collection (Ruiz-García et al., 2021). Sufficient sample size within each region is required to compare the diversity of genetic types within a region as well as between regions. For example, in Sands et al. (2015) the included samples of Ophiuroglypha lymani from the South Sandwich Islands and Bouvetøya were distinctly divergent from other regions sampled. However, the sample sizes of these two regions were three and two respectively. If sample sizes for all regions were equally small there would be little confidence in their distinctness, and it is the larger sample sizes of the target regions in this study that indicate they are likely to be discrete populations. Broad geographic collections are more likely to hold more power for accurate inference. The studies comparing Astrotoma agassizii from Patagonian shelf and Antarctic shelf (Hunter and Halanych, 2008; Galaska et al., 2017a) identified divergences between populations, but the true extent of the diversity within A. agassizii was not appreciated until samples were collected and analyzed from across the Southern Ocean (Jossart et al., 2019).

Using gene trees for demographic inference using a single marker is prone uncertainty and risks over interpretation (Knowles and Maddison, 2002). The ability to use multiple genetic markers as a method of within-group replication is a powerful option for refining demographic inference for a single species (Brito and Edwards, 2009; Garrick et al., 2015; Edwards et al., 2022). However, the costs and complexity associated with the huge amount of data collected for these types of studies are substantial. For the purpose of this particular exercise – descriptive model of spatial diversity of the Southern Ocean – we suggest that it is by replicating species groups rather than loci that power and rigor can be obtained. Southern Ocean collection expeditions are infrequent, usually geographically limited, and costly in time, man power and environmental cost. Collections are not selective, so it is likely that they include a substantial number of different taxa from which to build relatively cost effective comparative studies. Inference from single marker gene trees should be treated with caution, but they are still a powerful tool in their own right (Avise, 2009) and once a comparative model can be generated, more definitive, if expensive, methods can and should be used to test the models rigor.




6 Conclusions

The diversity of the Southern Ocean benthic fauna, described as remarkably rich (Clarke and Johnston, 2003), is underestimated. The reliance of species lists and databases obscures the true extent of diversity, fails to capture the uniqueness of shelf assemblages and does nothing to promote awareness of small, isolated populations likely in need of conservation management. Furthermore, it ignores the genetic variation within species that is within the definition of Biological Diversity according to the Convention on Biological Diversity Article 2. A model developed on a series of phylogeographic studies of benthic taxa sampled across the Southern Ocean would quickly identify patterns and hint at shared processes underlying genetic diversity, providing a robust tool that highlights regions conservation priorities.
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Accurate knowledge of geographic ranges of species is essential for effective conservation management. Species with large distributions and good connectivity are presumed to be resilient to adverse localized/regional conditions, whereas those with small ranges and, thus, smaller population sizes are more likely to be vulnerable. The rich benthic assemblages across the Southern Ocean are generally considered “Antarctic” with some input from South America contributing to diversity on the sub-Antarctic island shelves. However, molecular work over the past two decades is challenging the paradigm of a general Antarctic benthic fauna, with evidence mounting for assemblages being regionally unique in terms of genetic diversity, regardless of formal taxonomic species composition. The widely distributed brittle star, Amphiura belgicae, is one element of the Southern Ocean benthic assemblage that has a complex historical taxonomic background hinting that it may in reality be a complex of species, each with small geographic range and little connectivity. Our study identified deep genetic divisions between geographically isolated populations, particularly between those on the Patagonian shelf and elsewhere. Indeed, populations on the Patagonian shelf were more closely related to the sympatric sister species A. eugeniae than to any other Southern Ocean population. We compare our data with a study of Ophiuroglypha lymani from similar collections, highlighting that both show highly regionalized populations, particularly on Island shelves, and both share the curious phenomenon of a presumed outgroup species being an element of the ingroup. We suggest that the isolated populations of both these species are following distinct evolutionary and ecological trajectories and that both should be treated as species complexes.
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1 Introduction

We are in an age of rapid biodiversity decline due primarily to anthropogenic impacts on habitat quality and climate (Dirzo et al., 2022). At the same time, scientific discoveries are highlighting that mature, diverse assemblages are providing ecosystem services that are essential to maintaining human quality of life and in some cases acting as “nature-based solutions”, such as carbon capture and sequestration, to human induced global problems (Sands et al., 2023). Identifying and managing mature assemblages requires sound taxonomic knowledge of the assemblage elements, as well as understanding of the geographical distributions of these elements and the connectivity between assemblages. In general, marine conservation management relies on species presence/absence information held in databases, and assesses distributions as indicated by records of presence. Identifications in databases are rarely confirmed by expert taxonomic examination, rather relying on field-based observations, thereby providing a major source of error. This is not offered as a criticism of field identifications, rather a frank acknowledgement of the difficulties of taxonomic identifications in general, particularly when characters are both subtle and variable, and original descriptions are difficult to interpret and reconcile with the specimen on the table. A case in point was highlighted as early as Mortensen (1936), regarding the ophiuroid (brittle star) species Amphiura belgicae Koehler, 1900, and is the focus of this study.

The genus Amphiura Forbes, 1843 is exceptionally species rich (471 species registered in WoRMS as of 3 April 2024) and has a global distribution. It is represented in the Southern Ocean with a total of 2114 records of 24 species (GBIF search greater than 50°S, 3 April 2024), and although not comparatively as species rich, the individual brittle stars can be locally abundant. The most abundant and widespread of these species is Amphiura belgicae, which is recorded as far north as the coast around Cape of Good Hope, South Africa, and as far south as the Ross and Weddell Seas, Antarctica. It was first described from material collected by the Belgica expedition, 1897–1899, from sampling locations in the Bellingshausen Sea. In describing Amphiura belgicae, Koehler used phrases (translated from French) such as “the disc is flattened, sometimes depressed in the center, most often rounded, but sometimes pentagonal and even somewhat excavated in the interbrachial spaces”, indicating this species can vary in general shape. He concluded by stating “Amphiura belgicae is easily distinguished from all known species of genus Amphiura”.

In 1908 Koehler examined material sampled from stations around the South Orkney Islands as part of the Scottish National Antarctic Expedition 1902–1904, from which he described Amphiura mortenseni Koehler, 1908b. He reported that it was “… easily characterized by the shape of its mouth shields provided with a prominent and well accentuated distal lobe … ventral surface covered with plates and two tentacular scales”. Amphiura belgicae mouth shields are also described as “sometimes offering a small lobe…”, the ventral surface is covered in small, interlocking, plates, and “The tentacular scales are two in number” (Koehler, 1900).

Koehler also examined material from the Swedish Antarctic Expedition 1901–1903, in which he noted the presence of both A. belgicae and A. mortenseni from South Georgia stations, as well as describing Amphiura alternans Koehler, 1923, also rounded or sub-pentagonal, sometimes convex disc, the oral shields also with a distal lobe, ventral surface covered with plates and variable tentacle scale presence. In his description he noted similarities and differences between A. alternans and several other Amphiura species, but not specifically A. belgicae or A. mortenseni.

Material from the German South-polar Expedition 1901–1903 was examined by Hertz (1927). She considered A. mortenseni a subspecies of Amphiura eugeniae Ljungman, 1867, and further described a second subspecies of A. eugeniae as Amphiura eugeniae gracilis Hertz, 1927.

The ophiuroids from the British National Antarctic (Discovery) Expedition 1901–1904 were examined by Mortensen (1936). When considering A. belgicae, he also examined and compared type material of A. eugeniae gracilis, A. mortenseni and A. alternans and concluded that the main characters overlapped substantially and with sufficient variation that these taxa should be synonymized to the single species A. belgicae. Finally, a further species, Amphilepis gymnopora Hertz, 1927 from the Kerguelen plateau has more recently been synonymized with A. belgicae by Clark (1970).

Given the difficulties of communication in the early 1900’s compared with today’s “information age”, it is understandable that the same species may have been described on more than one occasion by different taxonomists. However, a further complication is provided when the same taxonomist describes two or three distinct species from the same collection that are then eventually synonymized.

Cryptic or unrecognized diversity appears to be common in Antarctic ophiuroids (Hunter and Halanych, 2008; Martín-Ledo et al., 2013; Sands et al., 2015, 2021; Jossart et al., 2019). In this case it is possible that there may be subtle morphological differences seen by the taxonomists of the last century that were then inadequately expressed in their formal descriptions. We therefore set out to test the null hypothesis of Mortensen (1936), that A. belgicae and A. eugeniae are two distinct species, with the expectation of genetic diversity divided into two distinct, well supported clades. The alternative hypothesis is that these species are taxonomically/morphologically complex, with cryptic variation and genetic divergence present, as hinted at by the multiple species’ descriptions of Koehler and Hertz.




2 Methods

Specimens were collected during several research expeditions across the western sector of the Southern Ocean covering the Patagonian Shelf, Scotia Sea, Weddell Sea, Bellingshausen Sea and Amundsen Sea. Figure 1 illustrates the sampling range and details of specimens can be found at dx.doi.org/10.5883/DS-260324. Collections were made using Agassiz Trawls with a 1 cm inner mesh. Specimens were identified to general morphotype (e.g. Amphiura-like) before being placed in cold 100% ethanol and stored at −20°C for transport to the UK.

[image: Map showing the location and size of samples from the Antarctic region. Yellow and red circles represent sample sizes of two species, Amphiura belgicae and Amphiura eugeniae, across various sites including the Patagonian Shelf, South Orkney Islands, Marguerite Bay, and East Antarctica. A legend indicates ranges of sample sizes. The Polar Front is marked near the top.]
Figure 1 | Map of Antarctica and the Southern Ocean showing where collections were made of Amphiura belgicae (yellow dots) and Amphiura eugeniae (red dot). The size of each dot is proportional to the sample size from that location. Stars indicate the type locality of each species.

Specimens were diagnosed following relevant descriptions (e.g. Koehler, 1923; Hertz, 1927, 1922, 1908a, 1908b, 1900; Ljungman, 1867; Mortensen, 1936, 1924) using a Leica M65 microscope. Amphiura specimens were photographed and ~3 mm3 of tissue removed from an arm tip for molecular analyses. DNA extraction and bidirectional sequencing of mitochondrial cytochrome c oxidase subunit 1 (CO1) were carried out at the Canadian Centre for DNA Barcoding, University of Guelph.

Sequences were base-called using Phred in CodonCode Aligner V5.0.1, trimmed and assembled into individual contigs that were checked by eye before multiple alignment using the MUSCLE algorithm (Edgar, 2004). The alignment was translated using mitochondrial echinoderm code to verify an open reading frame. Summary statistics were generated in DNAsp v5 (Rozas et al., 2003; Librado and Rozas, 2009) to explore signals of diversity, selection and population dynamics. Within and among group distances were calculated in MEGA v10.2.4 (Kumar et al., 2018) using percentage differences (uncorrected P) and maximum composite likelihood.

Relationships between sequences were initially explored by building a statistical parsimony network (Templeton et al., 1992) as implemented in PopArt (Leigh and Bryant, 2015).

Phylogenetic analyses using identified Amphiura species were then conducted to assess diversity and the inferred systematic position of Amphiura belgicae in relation to other species. Outgroups (Ophiacantha wolfarntzi Martín-Ledo et al., 2013, Ophiacantha pentactis Mortensen, 1936, Ophiacantha vivipara Ljungman 1871, Amphilepis sp., Ophiuroglypha carinifera Koehler, 1901, Ophiuroglypha lymani Ljungman 1871, Ophiocamax gigas Koehler, 1900, Ophiactis asperula Philippi 1858) were included to root the phylogeny providing polarity and some systematic order. Phylogenetic reconstruction was conducted using both Bayesian (Mr Bayes v3.2.1) and Maximum Likelihood (RAxML v8) analyses (Ronquist et al., 2012; Stamatakis, 2014) using a GTR+G model of site evolution in each of three codon partitions. The resulting phylogenies were edited in Figtree v1.4.4 (Rambaut, 2012) and further edited in Graphic v3.1 (Picta inc.) to manually collapse poorly supported branches (bootstrap support < 50, posterior probabilities < 0.8). A reduced dataset of three to four representative sequences from each clade was used to estimate clade divergence times. The analysis was conducted in BEAST2 v2.7.5 under a GTR+G model, a Yule speciation prior and an optimized relaxed clock set to 2.48 × 10−8 per lineage per million years (Naughton et al., 2014; Sands et al., 2015). To enable direct comparison with a previous study (Sands et al., 2015), a dataset of Ophiuroglypha lymani was reanalyzed using the same clock rate and including extra individuals sampled from Tristan da Cunha seamounts.

Demographic exploration was conducted using the Bayesian Skyline Plot (Drummond et al., 2005) function in BEAST2 v2.7.5 (Bouckaert et al., 2014) for each spatial-genetic group. Working files were set up with an HKY+G model, strict clock with rate 2.48 × 10−8 (Naughton et al., 2014), and a coalescent Bayesian skyline prior. Runs included 108 generations sampling every 1000 states. Results were first checked for effective sample size, convergence and mixing in Tracer v1.7.1, with the same package used to generate the skyline plots.




3 Results

A total of 139 specimens of Amphiura belgicae and 26 specimens of A. eugeniae were examined in this study. A. eugeniae differs very subtly from A. belgicae, primarily the presence of a small papilla on the outside of the outer mouth papilla, the attitude of the tentacle pore scales in which the pair at each scale are characteristically perpendicular to each other as opposed to a more acute angle typically seen with A. belgicae and shorter arm spines for A. eugeniae. These characters were subtle and there was considerable variation particularly in the shape and number of tentacle scales observed in A. belgicae. The type locality for A. eugeniae is the bay north of Buenos Aires, in the far northern part of the Patagonian shelf. All our samples were collected on the southernmost region of the Patagonian shelf, the Burdwood Bank. Direct comparison of our samples to the holotype stored at the Swedish Natural History Museum satisfies us that they have been identified correctly. The neat genetic clustering of A. belgicae (n=19) sampled from Burdwood Bank from A. eugeniae (see below) supports our taxonomic observations.

The Amphiura sequences analyzed here were not strongly grouped in respect to the Ophiactis asperula outgroup (BS=38 Figure 2). While some GenBank sequences contributed to our analyses, several sequences attributed to Amphiura on GenBank were excluded as they did not cluster with the included sequences. This reinforces our position on the need for careful taxonomic determination prior to database submission, but it limited the taxonomic depth of the analysis. Within the Amphiura sequences, A. belgicae together with A. eugeniae form a well-supported clade (BS=87) separate from all other Amphiura sampled.

[image: Phylogenetic tree diagram depicting evolutionary relationships among species within the genus Amphiura and related taxa. Bootstrap values are noted at branch points, with species names on each branch. Bold text indicates specific taxa, such as _Amphiura eugeniae_ and _Amphiura belgicae_, associated with the Patagonian Shelf and Southern Ocean. Scale bar represents 0.2 substitutions per site.]
Figure 2 | Maximum likelihood phylogeny produced with cytochrome c oxidase subunit 1 sequences of Amphiura species in relation to Amphiura belgicae and outgroups. Node support values were generated by bootstrap pseudoreplicates. Nodes with less than 50% bootstrap support were collapsed, apart from the Amphiura clade node that was left for context only as it has no support in this analysis.

From the other localities sampled A. belgicae was collected around South Georgia (n=14) and Shag Rocks (n=49), the South Orkney Islands (n=30), along the shelf and offshore island regions of the Antarctic Peninsula (n=14), and locations on the East Antarctic shelf including the Ross Sea, and West Antarctic shelf (n=17). Although there was some subtle variation in characters across this sampling range, morphological variation had no regional patterns and corresponds with Mortensen (1936) observations of a broadly variable species.

Summary molecular statistics are presented in Table 1. Haplotype diversity was high (HD > 0.9) in most locations apart from the Antarctic Peninsula where it was quite low (HD<0.5). Nucleotide diversity (π) was very high (π > 0.02) for the total dataset and the A. belgicae dataset. High nucleotide diversity in relation to haplotype diversity in mtCO1 has been shown to be a good predictor of taxonomic complexity (Goodall-Copestake et al., 2012) and this ratio alone provides strong evidence supporting that A. belgicae variation does not conform to the expectation of a panmictic species. South Orkney Island and Antarctic Peninsula groupings also had higher than expected nucleotide diversity (π > 0.01), along with significantly negative values for Tajima’s D statistic, indicating rare variates are more common than expected and suggesting purifying selection or, perhaps, recent population expansion (Tajima, 1989). Fu’s S statistic also identifies population size changes (Fu, 1996, 1997) and the highly significant value for Shag Rocks indicates recent population expansion. However, Ramos-Onsins and Roza’s R2 statistic (Ramos-Onsins and Rozas, 2002), designed to identify population expansion, was not significant for any of these groupings.

Table 1 | Summary statistics of molecular diversity in geographic regions of Amphiura belgicae and A. eugeniae based on cytochrome c oxidase subunit 1 sequences.


[image: A table presents genetic diversity and population data for various locations. Columns include Population, Number of individuals (n), Probability (Prob), Number of haplotypes (No. Haplo), Haplotype diversity (\(H_D\)), Number of segregating sites (S), Nucleotide diversity (\(\pi\)), Tajima’s D (\(D_T\)), Fu’s Fs Statistic (\(F_S\)), Ramos-Onsins & Rozas' R2 statistic (\(R_2\)), and Maximum number of nucleotide differences (Max K). Populations analyzed include Total Dataset, Total Amphipura species, and several regions like Shag Rocks and South Georgia. Significance levels are marked with asterisks.]
The depth of divergence between locations was highlighted by examining pairwise distances, particularly between the Patagonian shelf population and other populations. The population of A. belgicae from Burdwood Bank on the Patagonian shelf was more similar to the sympatric A. eugeniae population (7.39% uncorrected P, 8.7% corrected) than to any other A. belgicae population, where distances ranged from 10.29% uncorrected P or 13.22% corrected between Patagonia and Antarctic Peninsula, and 12.07 uncorrected P or 16.33 corrected between Patagonia and Shag Rocks (Table 2). The most similar populations were Shag Rocks and South Georgia (2.48% uncorrected P, 2.6% corrected P), which are also the populations separated by the smallest distance (approximately 30 km of deep water separating the two shelf regions). Within-population variation ranged from 0.052% within Antarctic Shelf and 1.23% within South Orkney individuals.

Table 2 | Pairwise distance between geographic clades of Amphiura belgicae and A. eugeniae.


[image: Matrix table showing genetic distances between various Antarctic and nearby locations, including Antarctic Peninsula, South Orkney, South Georgia, Shag Rocks, Antarctic Shelf, Patagonian Shelf, and *A. eugeniae*. Below the diagonal are uncorrected P distances, above are model-corrected. Diagonal values in bold indicate within clade (uncorrected) distances.]
The divergence between groups is further highlighted in the network analysis (Figure 3) where, in general, region-specific haplotypes are clearly grouped together.

[image: Phylogenetic network diagram showing sample distribution of *Amphiura* species across various regions. Circles represent samples, with sizes indicating quantity. Colors denote regions: black for *Amphiura eugeniae* and Patagonian Shelf, green for Patagonian Shelf, orange for Shag Rocks, red for South Georgia, light blue for South Orkneys and South Shetland Islands, blue for Marguerite Bay, purple for East Antarctic, and pink for East Weddell Sea.]
Figure 3 | Haplotype network as produced by TCS procedure in PopArt. Circle colour indicates sampling location. Circle size is proportional to frequency of the haplotype it represents. Each hash through a connecting line represents a base change between haplotypes, which are unsampled haplotypes, possibly ancestral states. Small grey circles are nodes in the network also representing unsampled haplotypes.

Amphiura belgicae genetic diversity was strongly partitioned into geographic groupings with strongly supported clades for each of the regions sampled (Figure 4). Individuals from the Patagonian Shelf clustered into a clade along with Amphiura eugeniae. Again, the two singleton sequences, one from the South Orkney Island shelf, and one from the South Shetland Islands (closely associated with the Antarctic Peninsula shelf) did not cluster with any of the clades in either likelihood or Bayesian analyses. Two other individuals, one from the South Orkney Islands, the other from the South Shetland Islands, were sequence identical. A third South Shetland Island individual shared identical sequence with some individuals from Marguerite Bay, further south along the Antarctic Peninsula shelf. These relationships are also clearly visualized in Figure 3 and help explain the very high haplotype diversity: nucleotide diversity ratios. Details of the phylogeny at an individual sequence level are given in Supplementary Figure 1.

[image: Phylogenetic tree diagram illustrating relationships among various geographical locations and species, including Patagonian Shelf, South Orkney Islands, and Shag Rocks Shelf. Labels indicate species names like Amphiura belgica and outgroup Ophiactis asperula. Bootstrap values on branches show statistical support.]
Figure 4 | Maximum likelihood phylogeny of cytochrome c oxidase subunit 1 sequences of Amphiura belgicae, A. eugeniae and outgroups. Geographically supported clades were collapsed with the size of the resulting triangle proportional to the number of sequences included, and the depth of the triangle corresponds to the depth of diversity within the clade. Node support values on the top of the line are Bayesian posterior probabilities, on the bottom of the line are bootstraps. The unexpanded tree with all tip sequence identifications is available in Supplementary Figure 1.

Assuming the accuracy of the clock rate used, diversification within Amphiura belgicae began in the Pliocene, with the current geographic lineages forming in the mid- to late-Pleistocene (Figure 5). Although error associated with these analyses is large, this is similar to those divergence times estimated for the diversification of Ophiuroglypha lymani. Estimates of mean divergence times and associated error are provided in Supplementary Table 1.

[image: Phylogenetic tree illustrating the evolutionary relationships between species in the Amphiuridae and Ophiopyrgidae families over time. The timeline spans from 15 million years ago to the present, highlighting divergence events with confidence values. Several geographic regions are annotated, such as the Antarctic Peninsula, Patagonian Shelf, and South Sandwich Islands, alongside specific species names like Amphiura belgicae and Ophioroglypha carinifera. The diagram marks the Pliocene and Pleistocene epochs, showing evolutionary developments leading to current diversity.]
Figure 5 | Bayesian phylogenies of Amphiura belgicae complex with Amphiuridae outgroups directly compared with Ophiuroglypha lymani complex and other Ophiopyrgidae outgroups. Both analyses used the same clock rate. The purple node bars represent the error at the assessed nodes. More detail for error associated with Ophiuroglypha lymani nodes can be found in Figure 7 of Sands et al. (2015). *Ophiura rouchi does not fit the characters of genus Ophiura, rather it exhibits the form of Ophiuroglypha and should be redescribed as Ophiuroglypha rouchi. This is likely to be the case for all Southern Ocean “Ophiura” species.

Population size changes as estimated by Bayesian skyline plots were associated with wide error bars, but most suggest stable or increasing population sizes over the last 300,000 years, apart from the Antarctic Peninsula which shows a slow population decline that has subsequently increased over the past 100,000 years (Figure 6). The island shelf regions of Shag Rocks, South Georgia and South Orkney Islands all show rapid population growth over the past 50,000 years. Patagonian shelf, Antarctic shelf and A. eugeniae exhibit a slower population increase over the 300,000 years.

[image: Bayesian skyline plots showing population size against time in years for two species. Amphipura belgicae is illustrated for Patagonian, South Georgia, Shag Rocks, South Orkney, Antarctic Peninsula, and Antarctic Shelves, each with distinct population trends and shaded confidence intervals. Amphipura eugeniae is shown for an unspecified location, depicting a population decrease over time with a gray confidence interval.]
Figure 6 | Bayesian skyline plots showing the estimated change in population size, with error, over time for the geographically descrete clades of Amphiura belgicae and A. eugeniae. The present is at the Y axis (X=0). The Y axis is population size in a log scale.




4 Discussion

Species level divergences that are difficult to distinguish using morphology alone appear common across the assemblages of the Southern Ocean (Hemery et al., 2012; Dietz et al., 2015; Dömel et al., 2017; Hauquier et al., 2017; González-Wevar et al., 2019). Generally, studies of Southern Ocean diversification have identified geographically structured genetic populations (Raupach and Wägele, 2006; Linse et al., 2007; Leese and Held, 2008), although there are notable exceptions where some species appear to have true circumpolar distributions (Wilson et al., 2009; McLaughlin et al., 2023). Patterns of geographically explicit probable species level diversity have also been demonstrated in previous studies of Southern Ocean brittle stars. The large snake star Astrotoma agassizi Lyman, 1875 was shown to have distinct genetic groups across the Drake Passage, with a clade found among a sample of individuals from the Antarctic Peninsula being distinct from two clades recovered from individuals sampled from the Patagonian shelf (Hunter and Halanych, 2008). Shortly after this study, evidence was found that suggested two different life history strategies were present in A. agassizi, with the Patagonian Shelf population described as brooding their young (Bernasconi, 1965), and yet lecithotrophic ophiopleutus larvae were recovered from the Ross Sea with Antarctic clade A. agassizi mitochondrial DNA (Heimeier et al., 2010). A further study extended the sample collection region around the Antarctic shelf and used single nucleotide polymorphisms (SNPs) to test the relatedness between the Antarctic clade and the two Patagonian clades (Galaska et al., 2017), confirming that the regions indeed hosted distinct populations, albeit with some hybrids present. The two Patagonian clades also appeared to represent two distinct populations. These findings prompted a further study with much broader geographic sampling across the Southern Ocean, including island shelf regions and samples of the sister species Astrotoma drachii Guille, 1979 from New Zealand waters along with other outgroups (Jossart et al., 2019). Results obtained from the latter study suggested that A. agassizi was far more diverse than previously suspected, with up to seven divergent clades. Some of these clades were specific to regions and, in one case where clade distributions overlapped, size dimorphism between clades was observed suggesting character displacement, an ecological phenomenon that occurs between sympatric sister species (Brown and Wilson, 1956). The final piece of evidence suggesting that the diversity observed represents species level distinctions was that the sister species, A. drachii mentioned above, grouped as a clade amongst all the others and was not distinct from A. agassizi.

The divergences observed in this study between geographically discrete clades of Amphiura belgicae could be considered sufficiently deep to represent species groupings, particularly that of A. belgicae sampled from the Patagonian shelf. These individuals were genetically closer to samples of A. eugeniae than they were to any of the other clades of A. belgicae. Indeed, A. eugeniae, as with Astrotoma drachii, is paraphyletic in relation to A. belgicae and should be considered as an element of the A. belgicae complex. This is a pattern that has also been recorded in the species complex of Ophiuroglypha lymani (Sands et al., 2015). In this example the sister species, Ophiuroglypha carinifera, is found only around the Antarctic continental shelf and is morphologically distinct from O. lymani, which is located on island shelves across the Southern Ocean and Patagonia. O. lymani was inferred to be a species complex as the depth of divergence among some geographically explicit clades exceeded that between O. lymani and O. carinifera.

Given the depth of divergence and the sister species being included as an ingroup, we suggest that A. belgicae is a species complex of which A. eugeniae is one element. If this is the case, and particularly if each clade were confirmed as a unique species, it presents a challenge to estimates of Southern Ocean biodiversity and richness. At present it is generally accepted that A. belgicae, O. lymani and A. agassizii are three species found across the Southern Ocean, implicitly meaning that they each have large population sizes that are well connected. Such species would be considered resilient and of little conservation concern. Our data suggest that the A. belgicae sampled in this study show regionally isolated populations on the sampled islands, which are distinctly different from the Patagonian shelf population, and even the Antarctic Peninsula shelf population is distinct from that of the shelf around the continent proper. From a conservation perspective this interpretation shifts the emphasis from a single resilient species to what would be multiple more vulnerable species. Furthermore, if this is the case for A. belgicae, O. lymani and A. agassizii, how many more members of the Southern Ocean benthic assemblage follow this pattern? Perhaps one viable approach to address this question is to consider whether there is a shared mechanism behind the pattern that can be extrapolated more widely.

Whether each clade is treated as a separate species, or only the Patagonian clade is accepted to be a distinct species, may have little effect on conservation management, at least until each species element is thoroughly morphologically investigated and formally described, which is inevitably a long and uncertain process. Methods of species delimitation may be applied but these are not always accurate, particularly in mitochondrial DNA studies (Sands et al., 2021) and have little influence in a conservation management context. However, if it can be shown that entire assemblages share patterns of unappreciated diversity, particularly if a common mechanism or process can be generally applied, then a robust model of biogeographic diversity can be presented as a management tool (Garrick et al., 2006).

To begin to explore this process, we considered some simple historical demographic characteristics of A. belgicae with O. lymani. Molecular clock analyses in general are assumption heavy and interpretation should be made with caution. This is particularly the case using a single genetic marker, but by assuming and applying a shared clock rate across studies the results can broadly be compared. Both A. belgicae and O. lymani began to diverge in the Pliocene, with clade level variation originating at the beginning of the Pleistocene (Figure 5). Although uncertainty prevents any claims of shared timings, there is sufficient evidence to further pursue this line of reasoning in more robust multi-marker studies. Poulin et al. (2014) surveyed studies of divergences between Southern Ocean invertebrates occurring either side of the Drake Passage and found divergences ranging from 6.7 to 10.9% which was equated to divergence times between 1 and 14.5 million years. Overall, it was inferred that the early Pleistocene was likely to be the onset of diversification, at least between Antarctic Peninsula and Patagonian Shelf, for most groups. This date could be seen as a minimum given the clock-rates underlying it were all faster than that used in this and other recent ophiuroid studies (Naughton et al., 2014; Sands et al., 2015; O’Hara et al., 2017; Weber et al., 2019).

Analyses of population size change show that populations of A. belgicae have been growing rapidly over the past 50,000 to 100,000 years on the island shelves of Shag Rocks, South Georgia and the South Orkney Islands. Stable or slowly growing populations are indicated on the Patagonian shelf for both A. belgicae and A. eugeniae, and also for the Antarctic shelf population of A. belgicae. Conversely, although, again, error bars are wide, the Antarctic Peninsula population shows a decrease in population size over the past 100,000 years. Due to small sample sizes only Patagonian Shelf and South Georgia shelf populations of O. lymani were analyzed, along with O. carinifera (Sands et al., 2015). All three of these populations showed signals of growth over the past 100,000 years of similar magnitudes to those seen with the rapidly growing A. begicae populations. Again, uncertainty and a strictly pattern-based observation do not give definitive answers but may be considered a pilot study providing a sound basis for further research.

Amphiura as a genus is polyphyletic in relation to the related genera Amphioplus and Amphipholis (O’Hara et al., 2017, 2018), and we suggest that it should be considered for revision. However, Amphiura is a difficult genus in general to work with, and, even in this putative species complex, the traditional characters of mouth shields, mouth papillae and tentacle papillae vary in shape, size and attitude sufficiently within each geographic region that creating a reproducible diagnosis for each genetic/geographic group will prove difficult. The species and subspecies raised by Koehler and Hertz may well be among the genetic clades identified here, but the vague language used in the descriptions, along with the character variation observed, failed to convince Mortensen (1936), and are equally unhelpful here despite our new results. Although our data appear to reject the null hypothesis of Mortensen’s single A. belgicae species, more rigorous studies using multiple nuclear markers to better clarify modern day gene flow and species tree relationships would provide a clearer and more robust assessment of the true depth of divergence of the geographic clades.

There is no doubt that the Southern Ocean benthic assemblage is old and rich, performing many important and probably also many unrecognized ecosystem services. Our results add to evidence that there is not one single Southern Ocean benthic assemblage, but rather a mosaic of assemblages, each one following an internally shared evolutionary and ecological trajectory in isolation from other assemblages. Given the difficulties in morphologically distinguishing or describing species with varying diagnostic characters, we suggest using simple phylogeographic techniques to identify regions where there is shared cryptic diversity and singling out these as biogeographic regions in need of conservation management.
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Sub-Antarctic islands are expected to show a high degree of endemicity due to their remoteness. However, biogeographic affinities in the sub-Antarctic remain poorly understood, especially in the marine realm. Sub-Antarctic islands being at the crossroads between Antarctic and cold temperate regions, biodiversity characterization and biogeographic analyses are a priority for monitoring and rapidly assessing variations associated with environmental changes. One underexplored sub-Antarctic area is Crozet, a protected archipelago located halfway between Antarctica and South Africa. In this study, we investigated the shallow-water Crozet macrofaunal diversity, distribution patterns and biogeographic affinities based on the examination of fieldwork specimens via a thorough morphological identification and a genetic characterisation. The resulting dataset provides an important baseline for further studies and conservation strategies, compiling the first genetic and taxonomic database for the Crozet archipelago. In total, 100 morphotypes were found, belonging to nine different phyla, among which arthropods (32), molluscs (18) and echinoderms (17) were the richest. Forty-seven morphotypes were identified to the species level, among which 20 were reported in Crozet for the first time. This confirms that Crozet is a poorly known region, even compared to other sub-Antarctic areas. A large proportion of species (62%) had circum Southern Ocean or circum sub-Antarctic distributions. These species were mostly shared with Kerguelen (72%), the Magellan Province (64%), and Prince Edward Islands (64%), confirming the patterns found in macroalgae and specific macrofaunal groups. However, this large-distribution statement needs to be counterbalanced by the detection (genetic data) of more restricted distributions than expected in four study cases (the tanaid Apseudes spectabilis, the nudibranch Doris kerguelenensis, the polychaete Neanthes kerguelensis and the chiton Hemiarthrum setulosum). Considering that most morphotypes had no genetic data available from other regions, the proportion of morphotypes with restricted distribution is likely to increase alongside future investigations. In addition, we also found a few cases of unrecognized diversity that might lead to the descriptions of new species, some likely to be endemic to Crozet (e.g., within the polychaete genus Harmothoe and the bryozoan genus Antarctothoa). Altogether, this stresses the need to maintain conservation efforts in Crozet and pursue integrative investigations in order to highlight and protect its unusual diversity.
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Introduction

In the Southern Ocean, the sub-Antarctic region is located between the subtropical and the Antarctic polar marine fronts, comprising a series of remote archipelagos and small islands (De Broyer et al., 2014). Due to the geographic remoteness of sub-Antarctic islands, a high degree of endemicity can be expected in both terrestrial and marine taxa (Frenot et al., 2001). Several studies from the last decades have highlighted contrasting patterns of distribution in various taxonomic groups, from single island endemicity to species exhibiting broad distributions (e.g., Poulin et al., 2014; Figuerola et al., 2017, Figuerola et al., 2018; Féral et al., 2021; Vantomme et al., 2023). Overall, biodiversity and biogeographic affinities of the different sub-Antarctic areas remain poorly understood, with a contrast of knowledge existing among sub-Antarctic islands (Griffiths and Waller, 2016; Féral et al., 2021). It is thus particularly important to better characterize their biodiversity and biogeographical affinities to improve our understanding of marine life dynamics, especially considering their key location at the crossroads between high Antarctic and cold temperate areas (Hemmings and Stephens, 2010; De Broyer et al., 2014). It is also central to conservation considerations, given that high endemicity can mean increased sensitivity to global change and risk of biodiversity loss (Griffiths, 2010; Park et al., 2014; Jossart et al., 2019; Féral et al., 2021). In particular, an improved biogeographic baseline would thus detect distribution shifts that are expected in response to current and future environmental changes (Saucède et al., 2017; Guillaumot et al., 2018). In response to these conservation concerns, some sub-Antarctic islands have already been given the status of Marine Protected Areas (Crozet MPA, Heard Island and McDonald Islands MPA, Kerguelen MPA, Prince Edward Islands MPA; Brooks et al., 2020) or have received a significant extension of their marine parks (e.g., Macquarie Island Marine Park in 2023, parksaustralia.gov.au).

Crozet’s benthic marine biodiversity is notably underexplored. This five-island archipelago is located in the Indian Ocean sector of the Southern Ocean (45°48’S–46°26’S; 50°14’E–52°15’E) and is about 2,300 km away from both Antarctica and South Africa. Crozet originated from three main cycles of volcanism, among which the first one initiated nine million years ago (Chevallier and Nougier, 1981). The archipelago is strongly influenced by the Antarctic Circumpolar Current (ACC), which is expected to increase its connectivity with other sub-Antarctic areas (Pollard et al., 2007; De Broyer et al., 2014). Previous terrestrial studies have been undertaken on Crozet terrestrial biodiversity (e.g., Frenot et al., 2001; Convey, 2007; Hullé and Vernon, 2021), however, marine benthic ecosystems have received far less attention (Canteras and Arnaud, 1985; Sicinski and Gillet, 2002; Griffiths and Waller, 2016; Lelièvre et al., 2023). The waters around Crozet are part of the National Nature Reserve of the French Southern Territories MPA and recognized as a UNESCO World Heritage site (whc.unesco.org/en/list/1603). Marine coastal areas have also additionally received an IUCN “enhanced protection” status (Féral et al., 2021). In this context of conservation initiatives, the French polar institute project #1044 Proteker was implemented to monitor nearshore marine benthic communities of the French Southern Territories (Kerguelen, Saint-Paul & Amsterdam, and Crozet). The main goal of this ongoing project is to establish a baseline for monitoring biodiversity dynamics and assess the impact of climate change on coastal marine ecosystems (Féral et al., 2016). Since its initiation, samples collected from Crozet during the Proteker campaigns have been invaluable for the investigation of biogeographic patterns in selected taxa (e.g., González-Wevar et al., 2021; Rosenfeld et al., 2023). At the community level, using underwater video-imagery, Lelièvre et al. (2023, 2024) investigated the taxonomic and functional diversities of shallow benthic communities associated with hard substrates. The authors highlighted high taxonomic diversity and low functional richness, evenness, and redundancy. This suggests a potential vulnerability to current and future environmental changes, which, again, stresses the need for further investigations based on additional biological samples (Mason et al., 2005; Lelièvre et al., 2023).

In our study, we investigated the diversity and biogeography of macrofauna (>1 mm) at two sites (Baie du Marin and Crique du Sphinx) around Possession island (“Ile de la Possession”, 46°25’S; 51°45’E), the largest island of the Crozet archipelago. Based on the examination of specimens collected in a recent fieldwork campaign, we combined a thorough morphological identification by taxonomic experts with a genetic characterisation based on the COI barcode region. The joint use of morphological and genetic data has been demonstrated to be effective in species identification of various taxonomic groups (e.g., Gostel and Kress, 2022; Jossart et al., 2023). In addition, comparing recorded biogeographic patterns (relying on morphology-based taxonomy) with genetic data was also important in the revision and clarification of species distributions (Christiansen et al., 2018; Jossart et al., 2019; Vantomme et al., 2023). In Lelièvre et al. (2023), Crozet faunal communities exhibited a high-level diversity, notably in echinoderms. Regarding its geographic situation and oceanic features (strong influence by the ACC), we expect benthic marine communities of Crozet to be composed of both endemic and circum sub-Antarctic species, with high-level faunal affinities to both Kerguelen and Prince Edward Islands. In fact, while remoteness can explain endemicity after rare colonisation and settlement events, a certain homogenisation can also be expected due to the role of the ACC in larval or even adult (kelp rafting) transport (Moore et al., 2018; Fraser et al., 2022). By compiling the first genetic and taxonomic database including specimen images and occurrence records for Crozet, this study’s newly generated dataset provides an important identification tool and baseline for further studies and conservation purposes.





Materials and methods




Fieldwork

Specimen sampling occurred during November 2021 as part of the Proteker 9 campaign onboard the R/V Marion Dufresne II. Two geographically close sites (< 2 km), Baie du Marin and Crique du Sphinx, were investigated on the east coast of Possession Island (“Ile de la Possession”, Crozet archipelago). This investigation was part of an impact study on benthic communities after the recent installation of the International Monitoring System (IMS) hydroacoustic station HA04 in the area (Lelièvre et al., 2023). Biological samples were opportunistically collected by hand during six dives at depths ranging from 4 to 20 m. Specimens were then preserved in 96% ethanol for subsequent analyses.





Morphological identification

Each specimen was examined under a stereomicroscope (Leica LK300 LED), assigned to a morphotype (or putative species) and a preliminary identification was obtained using available taxonomic resources (e.g., Féral et al., 2019; Lelièvre et al., 2023). Each morphotype was also photographed using the same stereomicroscope and an Olympus OMD-EM1 camera with a 60 mm macro lens. Preliminary identifications of morphotypes were then confirmed or refined by taxonomic experts (Supplementary Material 1). Macro photographs were sent to taxonomists as well as voucher specimens when required in the identification process.





Genetic characterization

The barcode region of the cytochrome c oxidase subunit I (COI; 658 base pairs) was obtained for each morphotype (one to twenty individuals sequenced per morphotype). DNA extractions were undertaken on a small piece of tissue, following the salting-out protocol of Sunnucks and Hales (1996). For COI amplification, we used a PCR mix of 12.5 µL Accustart Toughmix (QuantaBio), 10 µL ultrapure water, 0.5 µL each primer (10 µM) and 1.5 µL DNA extract. PCR conditions consisted of 40 cycles for the following temperature steps: 30 s at 94°C (denaturation), 30 s at 45–49°C (annealing, see details below) and 45 s at 72°C (elongation). These cycles were preceded by 3 min at 94°C and followed by 3 min at 72°C. Amplifications occurred using either universal or taxon-specific primers. Bryozoans, chordates, cnidarians, nemerteans and sponges were amplified using the universal primer pair “F-LCO1490 + R-HCO2198” at an annealing temperature of 45°C (Folmer et al., 1994). Amphipods and pycnogonids were amplified with the same primers at an annealing temperature of 49°C. Isopods and tanaids were amplified using the primer pair “F-CrustCOIF + R-HCO2198” at an annealing temperature of 47°C (Teske et al., 2006). Echinoderms were amplified using the primer pair “F-LCOech1aF1+ R-HCO2198” at an annealing temperature of 45°C (Folmer et al., 1994; Layton et al., 2016). Annelids were amplified using either the primer pair “F-LCO1490+ R-HCO2198” and the primer pair “F-polyHCO + R-polyLCO” at an annealing temperature of 47°C (Carr et al., 2011). Molluscs were amplified using either the primer pair “F-LCO1490 + R-HCO2198” (annealing temperature: 45°C) or the primer pair “F-COI-mol & R-COI-mol” (annealing temperature: 49°C; Owada et al., 2013). The sequences of each of the aforementioned primer were F-LCO1490: GGTCAACAAATCATAAAGATATTGG; R-HCO2198: TAAACTTCAGGGTGACCAAAAAATCA; F-CrustCOIF: TCAACAAATCAYAAAGAYATTGG; F-LCOech1aF1: TTTTTTCTACTAAACACAAGGATATTGG; F-polyHCO: TAMACTTCWGGGTGACCAAARAATCA; R-polyLCO: GAYTATWTTCAACAAATCATAAAGATATTGG; F-COI-mol: TCWACAAATCAYAAAGATATTGG; R-COI-mol: ACYTCMGGRTGMCCAAAAAATCA. The purification step and Sanger sequencing were carried out at the sequencing centre of Azenta/Genewiz Germany. Sequences were edited and checked for stop codons in Geneious Prime 2023.2.1 (Kearse et al., 2012). Barcodes were then aligned (Muscle algorithm), compared among them within classes/orders (e.g., amphipods) and to the ones available on GenBank and Barcode of Life (BOLD) databases (Ratnasingham and Hebert, 2007). Combining morphological and genetic data, a final identification was then determined at the most accurate taxonomic level possible. In addition to the COI sequences aforementioned, additional genetic barcodes from non-Crozet areas were obtained from either scientific publications or public BOLD records. Combining all the barcodes for each taxon, alignments were then realized in Geneious Prime 2023.2.1. Templeton Crandall Singh (TCS) haplotype networks were then constructed in PopART 1.7 (Leigh and Bryant, 2015) and mean pairwise genetic distances (uncorrected p-distances) were calculated between clades in the software MEGA X (Kumar et al., 2018). We then used a genetic distance threshold of 2% (among clades of the haplotype network) to consider that an initial morphotype represents more than one putative species. This threshold is based on the most common interspecific genetic distances observed in the groups of interest [crustaceans: Vieira et al., 2016, molluscs: Layton et al., 2014, polychaetes: Carr et al., 2011, sea stars: Ward et al., 2008 and Moreau et al., 2021)]. Species delimitation methods, such as ASAP and ABGD, were not used considering their low suitability for datasets with limited number of sequences (Puillandre et al., 2012, Puillandre et al., 2021) A public Barcode of Life (BOLD) project (HAOIV: Shallow benthic communities of Crozet archipelago) was created on the platform boldsystems.org. Macro pictures were uploaded for each specimen as well as COI barcodes, when successfully obtained (Table 1).

Table 1 | List of the 100 taxa found in the studied area, ranked by alphabetical order of phyla (then by class or order).


[image: A table listing different taxa, codes, BOLD identifiers, and distribution for various annelids and arthropods. Categories include Annelida (Clitellata and Polychaeta) and Arthropoda (Amphipoda and Isopoda). The distribution column includes designations like "Circum SUB" and "Circum SO," indicating geographical or habitat distribution.]
[image: Table listing various marine species with details including names, year of identification, codes, and categories such as Arthropoda, Bryozoa, Chordata, Cnidaria, and Echinodermata. Each entry includes a code, sample ID, and classification details like "Circum SO," "Broad SUB," and "Rest. SUB."]
[image: A table listing various marine species across several categories: Echinodermata, Mollusca, and Nemertea. Each entry includes species names, specimen codes, collection numbers, and notes about geographic distribution or environmental settings, such as "Circum SO", "Broad SUB", and "Rest. SUB".]
[image: Table listing Porifera species with details. It includes Hemigellius sp. (POR_C, HAOIV162-24), Chalindiae sp. (POR_A, HAOIV207-24), Myxillidae sp. (POR_B, HAOIV208-24), Rosella sp. (POR_D, HAOIV209-24). An asterisk denotes species first reported in Crozet. Barcoding availability and distribution notes are provided. References to Figure 4 are included.]




Biogeographic and phylogeographic analyses

The biogeographic distribution of taxa identified up to the species level was analysed based on the following bioregionalization of the Southern Ocean: Magellan Province, South Georgia/South Sandwich Islands, Bouvet (= Atlantic Sector of the Southern Ocean); Prince Edward Islands (Prince Edward and Marion islands), Crozet, Kerguelen, Heard Island (= Indian Ocean Sector of the Southern Ocean); Macquarie/sub-Antarctic New Zealand region (= Pacific sector of the Southern Ocean); West Antarctica; East Antarctica). Species occurrence data were either based on: 1) occurrences mentioned in scientific publications; 2) GBIF occurrences (Global Biodiversity Information Facility; https://www.gbif.org); 3) additional unpublished occurrences obtained from direct contacts with taxonomic experts. If a contradiction arose, occurrences obtained from direct contacts with taxonomists or dedicated publications had precedence over GBIF records. COI barcodes were also used to refine the species distribution of four species (e.g., the expected presence of Hemiarthrum setulosum P. P. Carpenter, 1876 in Antarctica was not considered as it appeared that Antarctic specimens were highly divergent from the ones of Crozet, see results). Four different distribution patterns were then considered: 1) restricted sub-Antarctic distribution (i.e., recorded in a single sector of the sub-Antarctic); 2) broad sub-Antarctic distribution (i.e., recorded in two sectors of the sub-Antarctic); 3) circum sub-Antarctic (i.e., recorded in three sector of the sub-Antarctic); 4) circum Southern Ocean (recorded both in the Antarctic and in either two or three sub-Antarctic sectors). Based on identified species occurrence data, a similarity network was produced using Gephi 0.10.1 (Bastian et al., 2009). In the network, nodes (circles; n = 56) represent both geographic regions and species that are connected by edges (lines; n = 241). The graph type was undirected, and no edge merging strategy was used. The layout algorithm “ForceAtlas2” (Jacomy et al., 2014) was then used to spatialize the network. The following input settings were used: tolerance: 0.05, approximate repulsion: checked, approximation: 1.2, scaling: 50, stronger gravity: checked, gravity: 0.01. Considering the low number of occurrences at Bouvet, this bioregion was not taken into account in the similarity network analysis.






Results




Overall taxonomic diversity

In total, 1050 specimens representing 100 morphotypes were collected in the study area (Table 1), and 173 individual genetic barcodes were obtained from 67 distinct morphotypes, indicating a barcoding success rate of 67%. The 100 morphotypes belonged to nine different phyla, among which Arthropoda (32 morphotypes) was the richest, followed by Mollusca (18), Echinodermata (17), Annelida (8), Chordata (8), Bryozoa (6), Cnidaria (5), Porifera (4) and Nemertea (2) (Figure 1). In Arthropoda, the diversity was split between amphipods (19 morphotypes), isopods (8 morphotypes), pycnogonids (3 morphotypes) and tanaids (2 morphotypes) (Figure 1). The phylum Mollusca was composed of gastropods (13 morphotypes), bivalves (4 morphotypes) and chitons (1 morphotype) (Figure 1). Within the Echinodermata, asteroids were the most speciose class (9 morphotypes), followed by holothuroids (6 morphotypes), echinoids (1 morphotype), and ophiuroids (1 morphotype) (Figure 1). From the 100 different morphotypes, 47 were identified to the species level (Table 1) among which 20 species were reported at Crozet for the first time (Table 1): three holothuroid species (Cladodactyla crocea var. croceoides (Vaney, 1908), Echinopsolus splendidus (Gutt, 1990), Scoliorhapis massini O’Loughlin & VandenSpiegel, 2010); two polychaete species (Neoleprea streptochaeta (Ehlers, 1897), Platynereis australis (Schmarda, 1861)); two bryozoan species (Antarctothoa cf. bougainvillei (d’Orbigny, 1842), Beania magellanica (Busk, 1852)); two gastropod species (Doris kerguelenensis (Bergh, 1884); Fusinella jucunda (Thiele, 1912)); one chiton species (Hemiarthrum setulosum); ten amphipod species (Acontiostoma marionis Stebbing, 1888, Atyloella cf. magellanica (Stebbing, 1888), Haplocheira barbimana (Thomson, 1879), Iphimediella paracuticoxa Andres, 1988, Jassa cf. alonsoae Conlan, 1990, Jassa cf. hartmannae Conlan, 1990, Jassa cf. justi Conlan, 1990, Oradarea cf. unidentata Thurston, 1974, Pagetina monodi (Nicholls, 1938), Podocerus capillimanus Nicholls, 1938); and one isopod species (Cryosignum lunatum (Hale, 1937)).

[image: Pie chart showing species distribution among different phyla: Arthropoda (32), Echinodermata (17), Mollusca (18) with subcategories Bivalvia (4), and Gastropoda (13), Annelida (8), Bryozoa (6), Chordata (8), Cnidaria (5), Porifera (4), and Nemertea (2 species). Detailed breakdowns show smaller segments: AMP (19), TAN (2), PAN (3), ISO (8) within Arthropoda; AST (9), HOL (6), OPH (1), ECHI (1) within Echinodermata; BIV (4), GAS (13), and POL (1) within Mollusca.]
Figure 1 | Overall taxonomic diversity for the 100 morphotypes found in the current Crozet investigation. Centre chart depicts phyla, top-left chart depicts arthropod orders (AMP, Amphipoda; ISO, Isopoda; TAN, Tanaidacea; PAN, Pantopoda), top-right chart depicts echinoderm classes (AST, Asteroidea; ECHI, Echinoidea; HOL, Holothuroidea; OPH, Ophiuroidea) and bottom chart depicts mollusc classes (BIV, Bivalvia; GAS, Gastropoda; POL, Polyplacophora). Numbers in each slice indicate the number of morphotypes for the specific group.





Biogeographic and phylogeographic patterns

Out of the 47 taxa identified to the species level, 35 were successfully barcoded in our study. Previous reference databases with COI sequence data were available for only 14 species (Miya et al., 2016; Moreau et al., 2021; Sands et al., 2021). The four following phylogeographic patterns were observed (Figure 2): (1) a circum Southern Ocean distribution such as in the sea stars Pteraster affinis Smith, 1876 and Smilasterias triremis (Sladen, 1889), and the pycnogonid Nymphon brevicaudatum Miers, 1875; (2) a circum sub-Antarctic distribution such as in the amphipod Parawaldeckia kidderi (S.I. Smith, 1876) and the brittle star Ophiosabine vivipara (Ljungman, 1871); (3) a broad sub-Antarctic distribution such as for the fish species Gobionotothen marionensis (Günther, 1880), and the sea stars Anasterias rupicola (Verrill, 1876) and Diplasterias meridionalis (Perrier, 1875); and (4) a restricted sub-Antarctic distribution such as in Henricia cf. spinulifera (E. A. Smith, 1876).

[image: Diagram showing four biogeographic patterns of the Southern Ocean: Circum Southern Ocean, Circum sub-Antarctic, Broad sub-Antarctic, and Restricted sub-Antarctic, each with species examples. Uses colored circles and lines to indicate regions such as Sub-Antarctic New Zealand and Macquarie, East Antarctica, and others. A legend at the bottom identifies regions by color.]
Figure 2 | Haplotype networks illustrating the most common biogeographic and phylogeographic patterns. Sizes of imbricated circles close to each network denote the number of specimens exhibiting the haplotype (outer circle: 10 specimens, inner circle: 1 specimen). All the Crozet sequences are from the current study. Non-Crozet sequences are from Miya et al., 2016 (Gobionotothen marionensis), Moreau et al., 2021 (Henricia cf. spinulifera, Smilasterias triremis) and Sands et al., 2021 (Ophiosabine vivipara).

Based on COI data, some unrecognized species diversity was found in six taxa (genetic distance among clades > 2%, cf. Materials and Methods; Figure 3; Supplementary Material 2). In the chiton Hemiarthrum setulosum P. P. Carpenter, 1876, specimens showed an important genetic distance from sequences known from the Antarctic Peninsula (11.19%). Analysed specimens of the nudibranch Doris kerguelenensis are found within a clade with specimens from South Georgia (genetic distance of 2.82% with the closest related clade; Figure 3). In the tanaid Apseudes spectabilis Studer, 1884, the single Crozet specimen showed a p-distance of 2.32% with a specimen from Kerguelen. For the polychaete Neanthes kerguelensis (McIntosh, 1885), Crozet specimens clustered with specimens from South Georgia and Kerguelen and are well-differentiated from two distinct Antarctic groups (3.93% et 4.82%, respectively; Figure 3). In addition, potential species complexes were found in the polychaete Harmothoe Kinberg, 1856 and the pycnogonid Nymphon brevicaudatum (Supplementary Material 2). Finally, while the level of genetic divergence was lower than the defined threshold (1.65%), the Crozet specimens of the sea star Leptychaster kerguelenensis interestingly clustered into a clade sharing no haplotype with other sub-Antarctic and Antarctic specimens.

[image: Phylogenetic trees of three species: Doris kerguelensis, Neanthes kerguelensis, and Hemiarthrum setulosum. Nodes represent different regions: blue for East Antarctica, light blue for West Antarctica, yellow for Crozet, red for South Georgia & South Sandwich, and white for Kerguelen.]
Figure 3 | Haplotype networks illustrating three cases of unrecognized species diversity. Sizes of imbricated circles close to each network denote the number of specimens exhibiting the haplotype (outer circle: 10 specimens, inner circle: 1 specimen). All the Crozet sequences are from the current study. Non-Crozet sequences are from Maroni et al., 2022 (Doris kerguelenensis), Leiva et al. (2022) (Neanthes kerguelensis), Irisarri et al. (2014) and Jossart et al. (2023) (Hemiarthrum setulosum).

After updating distribution information for four species based on available genetic barcodes (cf. results above), we found that nearly half of the 47 morphotypes identified to the species level were reported to have a circum Southern Ocean distribution (47%), 15% to have a circum sub-Antarctic distribution, 21% to have a broad sub-Antarctic distribution, and 13% to have a distribution restricted to one sector of the Southern Ocean (Table 1; Supplementary Material 3). Two species (the holothurian Echinopsolus splendidus (Gutt, 1990) and the amphipod Iphimediella paracuticoxa Andres, 1988) also showed a peculiar distribution across the polar front, being present in the high Antarctic and a single sub-Antarctic sector (4%). As highlighted in the similarity network (Figure 4), 34 of these 47 taxa were also found to occur in Kerguelen, 30 in the Magellan Province, 30 in Prince Edward (Marion) Islands, 25 in Macquarie/sub-Antarctic New Zealand region, 22 in South Georgia/South Sandwich Islands, 23 in West Antarctica, 16 in Heard Island, and 13 in East Antarctica. The faunal similarity with Kerguelen was notably marked in most echinoderms (10/13), molluscs (4/6), arthropods (14/21) and in all annelids (4/4) (Supplementary Material 3). This faunal similarity pattern was also observed when comparing with Prince Edwards Islands and the Magellan province (Figure 4; Supplementary Material 3). The similarity of Crozet with Macquarie and sub-Antarctic New Zealand was associated to different shared taxa: it was very high in amphipods (11/12) and in arthropods in general (16/21), but far less marked in echinoderms (5/13) and molluscs (1/6) (Supplementary Material 3).

[image: Network diagram showing interconnected nodes with labels and numbers. The central node labeled "CRO" is highlighted in orange. Surrounding nodes, such as "KER," "PED-MAR," "MAG," "MAQ-NZ," and "SG-SS," are labeled with different numbers indicating connections. Lines connect various nodes, representing relationships among them.]
Figure 4 | Similarity network produced with Gephi 0.10.1. Bioregions (except Crozet in orange) are represented by pale-yellow circles (CRO, Crozet; EANT, East Antarctica; HEA, Heard Island; KER, Kerguelen; MAG, Magellan Province; MAQ-NZ, Macquarie/sub-Antarctic New Zealand region; PED-MAR, Prince Edward (Marion) Islands; SG-SG, South Georgia/South Sandwich Islands; WANT, West Antarctica). The size of each circle is proportional to the total number of species shared by this bioregion with Crozet (indicated under the bioregion acronym). The smaller coloured circles indicate the 47 taxa identified up to the species level: their colours denoting their phyla (black: Chordata; blue: Mollusca; green: Arthropoda; purple: Bryozoa; red: Annelida; yellow: Echinodermata), their sizes denoting the number of bioregions where the species is found; their unique numbers indicating the species referenced in Table 1 (e.g., “45” refers to the gastropod Nacella delesserti (R. A. Philippi, 1849) that occurs in two bioregions).






Discussion




High levels of overlooked diversity

The current study has highlighted the presence of one hundred macrofaunal species in the shallow waters of Crozet. Among these 100 species, we reported 20 species for the first time in Crozet. In addition, 17 taxa identified to the family level (2), genus level (5) or species level (10) were already inventoried by Lelièvre et al. (2023), based on imagery transects of the same area. This included two annelids: Serpulidae Rafinesque, 1815 and Thelepus spectabilis Ehlers, 1897; the isopod Spinoserolis latifrons (White, 1847); six sea stars: Anasterias rupicola, Diplasterias meridionalis, Glabraster antarctica (E. A. Smith, 1876), Henricia sp. Gray, 1840, Leptychaster kerguelenensis E. A. Smith, 1876 and Smilasterias triremis; the sea urchin Pseudechinus sp. Mortensen, 1903, two holothuroids: Echinopsolus splendidus (Gutt, 1990) and Pentactella sp. Verrill, 1876; the brittle star Ophiosabine vivipara; the bivalve Gaimardia sp. Gould, 1852; the nudibranch Aeolidiidae sp. Gray, 1827; the gastropods Margarella sp. Thiele, 1893 and Nacella delesserti; and the sponge Hemigellius sp. Burton, 1932. The 100 taxa belonged to nine different phyla, with 75% belonging to either arthropods (32 species), molluscs (18), echinoderms (17) or annelids (8; Figure 1). At lower taxonomic levels, amphipods and gastropods were particularly represented (31% of the species; Figure 1). The high-level species richness found in echinoderms is similar to the value previously reported by Lelièvre et al. (2023) (17 versus 14 species). However, our results contrast with the former study regarding the diversity of amphipods (19 versus 0) and gastropods (13 versus 3 species). Such contrast among sampling and imagery, are related to the higher detection of smaller specimens in physical inventory, which is not surprising and already highlighted in other studies (e.g., Hanafi-Portier et al., 2021).

Interestingly, several taxa found during our investigation might be species that are new to science. First, some specimens could not be assigned to known species by taxonomic experts based on morphology. This was notably the case in amphipods (Prostebbingia sp. Schellenberg, 1926), bryozoans (Antarctothoa sp. Moyano, 1987, Fenestrulina sp. Jullien, 1888) and echinoids (Pseudechinus sp). Second, the genetic analysis revealed an unexpected diversity in some taxa. This included species that exhibited more restricted distribution than initially expected (see details below) as well as taxa for which we found more putative species than formerly inventoried in Crozet. For instance, three species of the polychaete genus Harmothoe were previously reported around Crozet (Harmothoe crosetensis (McIntosh, 1885), Harmothoe magellanica (McIntosh, 1885), and Harmothoe spinosa Kinberg, 1856). However, our genetic analyses indicated that none of the studied specimens belong to either Harmothoe crosetensis or Harmothoe magellanica (based on specimens from Cowart et al., 2022) alongside a pattern of species complex (Supplementary Material 2). The exact number of species within this complex remains to be determined, but it is likely that more species than initially expected occur in Crozet. Altogether, our results have significant taxonomic implications for our knowledge of the diversity of various taxa, and definitively call for additional investigations, which are out of the scope of the current study.





Biogeography of Crozet

Among the 47 taxa identified to species level, we found that nearly half of the species (47%) were reported to have a circum Southern Ocean distribution. The rest had a circum sub-Antarctic (15%), broad sub-Antarctic (21%), restricted sub-Antarctic (13%) distributions or a peculiar distribution across the polar front (4%, see results). These 47 species were mostly found in three other bioregions: Kerguelen (72%), the Magellan Province (64%), and Prince Edward Islands (64%), and notably associated with high-level sharing of echinoderms (9 to 10 species shared). Such biogeographic affinity of Crozet with other sub-Antarctic areas has been highlighted from historical and recent studies (e.g., Hedgepth, 1969; Griffiths et al., 2009). More specifically, the high affinity with Kerguelen was recently highlighted for marine macroalgae (Féral et al., 2021) while not found for deeper water polychaetes (Sicinski and Gillet, 2002). The high-level similarity with Prince Edward Islands was already found in sea stars at both species and genus levels (Moreau et al., 2017). Interestingly, some species are also reported a few latitudinal degrees above the subtropical front, and therefore outside the Southern Ocean (Supplementary Material 3). For example, several species occur in Tristan da Cunha archipelago (37°S; e.g., the pycnogonid Tanystylum neorhetum Marcus, 1940; the amphipod Parawaldeckia kidderi) or around Australia and New Zealand (e.g., the polychaete Platynereis australis, the amphipod Jassa cf. justi) (Conlan, 1990; Hutchings and Reid, 1991). Some other species are also expected to occur in both hemispheres such as the sea star Pteraster affinis (confirmed by genetic data) or the tanaid Apseudes spectabilis (Larsen and Shimomura, 2006; Jossart et al., 2021). Overall, the investigated species therefore include a high proportion of widely distributed species, for which the known biogeographic distribution was confirmed by our genetic results for eight species in the current study (the sea stars A. rupicola, D. meridionalis, P. affinis and S. triremis, the pycnogonid N. brevicaudatum, the amphipod P. kidderi, the brittle star O. vivipara, and the fish G. marionensis). In contrast, it is very likely that more species with restricted distribution will be found as additional specimens and genetic data are obtained. This situation is illustrated in the present study by four study cases. The tanaid Apseudes spectabilis, the nudibranch Doris kerguelenensis, the polychaete Neanthes kerguelensis, and the chiton Hemiarthrum setulosum showed restricted distributions. The tanaid A. spectabilis, while expected to have a circum sub-Antarctic distribution (Schmidt and Brandt, 2001), also showed a significant genetic divergence (2.5%) between specimens from Crozet and those from Kerguelen. The nudibranch D. kerguelenensis was shown to be composed of 60 putative species exhibiting contrasting distribution ranges (Maroni et al., 2022; Maroni and Wilson, 2022). The Crozet specimen belonged to a clade that might be distributed in two sub-Antarctic sectors (Atlantic and Indian oceans; Figure 3). The Crozet specimen of polychaete N. kerguelensis belongs to a sub-Antarctic clade and our results are in line with Leiva et al. (2022), highlighting an important divergence from an Antarctic clade (Figure 3). Finally, the chiton H. setulosum, the single species of the genus Hemiarthrum, was expected to have a circum Southern Ocean distribution (type locality: Kerguelen). Present genetic results indicate a high genetic distance between the specimens from Crozet and those from Antarctica (11.19%; Irisarri et al., 2014; Jossart et al., 2023; Figure 3). From now, it would be relevant to further explore whether this species is largely distributed in the sub-Antarctic, notably in the Macquarie-New Zealand region where another Hemiarthrum species was previously recognized (H. hamiltonorum Iredale & Hull, 1932; Sirenko, 2006).





Conclusions and perspectives

Our study shows the importance of integrative inventories to fill the gap of diversity knowledge existing in remote ecosystems that are facing important environmental changes. We found one hundred taxa, amongst which 20 were reported for the first time in the Crozet archipelago. This emphasizes the fact that shallow coastal waters around Crozet are an under-investigated area, even compared to most other sub-Antarctic areas. Regarding biogeographic patterns, a greater proportion of broadly distributed species was found but this statement needs to be counterbalanced by the detection (based on genetic data) of more restricted distributions than expected for several species. It is likely that future sampling will increase the proportion of species with restricted distribution. We also found a few cases of unrecognized diversity that might lead to the future descriptions of new species, some likely to have a restricted distribution or even be endemic to Crozet. Combined with the high diversity observed, this stresses the need to protect the biologically unusual Crozet archipelago. Additional sampling and barcoding efforts are necessary to better unravel marine faunal diversity and affinities with other sub-Antarctic islands and the overall Southern Ocean in the future. While this was not possible in the current study (due to the limited data available), bathymetry should notably be taken into account in such further investigations. In fact, for several taxonomic groups, species initially reported to occur over broad depth ranges has been showed to rather be distinct species with more restricted depth ranges (Barnes and Kuklinski, 2010; Neal et al., 2018; Moreau et al., 2019). Finally, another perspective includes the sharing of our data for conservation purposes. While the publicly available data will benefit to large scale projects related to conservation (genetic or occurrence data), they will also be directly shared with nature reserve managers of the French Southern Territories. In addition, the creation of a field guide of the most common species investigated is an ongoing work that would help in the monitoring of this area in the future.
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Rafting has been proposed as an effective mechanism for species without free-living pelagic larvae to achieve long-distance dispersal, theoretically preventing population differentiation over wide distributional ranges. Moreover, rafting has been advocated as a main dispersal mechanism for marine invertebrates with sub-Antarctic distributions, because of abundant buoyant kelps, driven by the Antarctic Circumpolar Current. Nonetheless, little attention has been given to the role of rafting to establish regular gene flow across the sub-Antarctic, and the geographic and temporal scales at which it occurs. Aiming to unravel these major questions about the extent of genetic connectivity across the Southern Ocean (SO), we studied the pulmonate limpet Siphonaria lateralis, a benthic species with encapsulated larvae, found on the rocky intertidal of sub-Antarctic islands and southern South America. Since S. lateralis is closely associated with D. antarctica, dispersal by rafting is plausible, as revealed by the absence of phylogeographic structure across the sub-Antarctic. We sampled 116 individuals from eight localities across the SO, and used 5,515 SNPs obtained through Genotyping-by-Sequencing, to determine contemporary genetic diversity, structure, and gene flow at two spatial scales; global, across the SO, and regional, within Kerguelen. Results identified substantial genetic structure, differentiating Patagonia, Falklands/Malvinas Islands, South Georgia and the Kerguelen archipelago, and low levels of contemporary gene flow. The most notable genetic differentiation was found between Patagonia/Falklands and South Georgia/Kerguelen. Structure was also significant between Patagonia and the Falkland/Malvinas Islands. Conversely, South Georgia and Kerguelen exhibited closer genetic affinity, and indications of recent but limited gene flow. Moreover, historical gene flow estimates between the four populations were low. At regional scale, noteworthy genetic structure persisted, and gene flow was insufficient to prevent genetic differentiation within Kerguelen. Consequently, rafting’s potential may be overestimated as a contemporary mechanism promoting gene flow across the SO, as these events may be sporadic, irregular, and unpredictable for marine invertebrates lacking a larval dispersal stage, since contemporary dispersal events don’t seem to facilitate high gene flow at both scales. Accordingly, other oceanographic factors or processes may hinder the establishment of species associated with macroalgae, and as consequence, contemporary genetic connectivity in the sub-Antarctic.
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1 Introduction

Dispersal is a key trait for species from ecological and evolutionary perspectives, as movement plays a role in population dynamics, the extent of a species’ geographic range, the degree of gene flow, and the potential for local adaptation (Slatkin, 1985; Palumbi, 1994; Cowen and Sponaugle, 2009; Manel et al., 2023). In marine ecosystems, fish and invertebrates have complex life cycles where at least one stage may be mobile and promotes a species’ dispersal, either by active or passive movement, as dictated by life histories (Gaines et al., 2007). Because some of these earlier stages are often small sized, it’s difficult to directly measure dispersal (Weersing and Toonen, 2009). However, genetic data has been used to study the exchange of individuals and their genes between populations, by estimating a direct consequence of effective dispersal: population connectivity (henceforth ‘connectivity’), defined as the degree to which gene flow affects a species’ evolutionary processes (Lowe and Allendorf, 2010).

For most benthic invertebrate species with complex life cycles, connectivity is usually associated with pelagic larval stages, which, aided by interactions with oceanic currents and processes, can travel and settle up to tens to thousands of kilometers away from their spawning populations (Cowen and Sponaugle, 2009; White et al., 2019). While numerous larval traits influence dispersal and connectivity (Blanco et al., 2019), pelagic larval duration (PLD) is key, as the longer larvae spend in the water column, the higher the chances to traverse longer distances, increasing dispersal potential, gene flow and limiting genetic structure (i.e. FST) (Waples, 1987; Haye et al., 2014; Pinsky et al., 2017; Álvarez-Noriega et al., 2020; Hernawan et al., 2021). On the contrary, restricted or null dispersal, low gene flow and marked genetic structure is to be expected from species with short PLD (i.e. lecithotrophic larvae) or without pelagic larval stages (i.e. brooders or direct developers). While this paradigm is widely accepted, there are plenty of exceptions to both these assumptions, as some species with high dispersal potential display unexpectedly high levels of genetic structure (Selkoe et al., 2016; Larsson et al., 2017; Gaeta et al., 2020), and on the other end of the spectrum, species with low or null dispersal potential report low genetic structure spanning great geographic distances (Selkoe et al., 2016; Fleming et al., 2018; Gélin et al., 2018; Bertola et al., 2020). These ‘exceptions’ further illustrate that dispersal in the marine ecosystem is complex and multidimensional and is subjected to intrinsic and extrinsic mechanisms and processes that influence its extent and consequences. As such, while larvae are undoubtedly important and PLD can guarantee a minimum dispersal distance, these traits may be a poor predictor of gene flow (D’Aloia et al., 2015; Hilário et al., 2015; Esser et al., 2023), because other factors such as ecology, physiology, oceanography or habitat selectivity limit dispersal and/or settlement rates (Waters et al., 2013; Sjöqvist et al., 2015; Pascual et al., 2017; Gaeta et al., 2020). Moreover, regardless of development mode, other life stages can play an important role in a species dispersal, such as adult migrations (Frisk et al., 2014), or other mechanisms or processes of natural or anthropogenic origin that may facilitate dispersal (Carlton et al., 2017).

One of such mechanisms is rafting, defined as marine dispersal mediated by buoyant elements of organic or inorganic origin, often described for organisms that live in close association with macroalgae (Highsmith, 1985; Thiel and Gutow, 2005; Winston, 2012). Numerous studies provide global evidence supporting the hypothesis that direct developers and brooders can disperse through rafting (Haye et al., 2012, Haye et al, 2014; Trickey et al., 2016; Bertola et al., 2020), arguing that this mechanism may be as relevant for dispersal and connectivity as having a pelagic larvae dispersal phase (Carlton et al., 2017; Simkanin et al., 2019; Pfaller et al., 2019). The Southern Ocean (SO) is a vast mass of open ocean encircling Antarctica and tens of relatively small islands, and influencing a portion of the Australian and South American continents (Koubbi et al., 2014; Chapman et al., 2020). Within this area, the past two decades of phylogenetic and phylogeographic research have pointed out that rafting may be the leading hypothesis to explain the current distribution and high levels of genetic connectivity that some sub-Antarctic benthic species display (Nikula et al., 2010; Cumming et al., 2014; Moon et al., 2017; González-Wevar et al., 2018; Waters et al., 2018b; Fraser et al., 2020a; Güller et al., 2020; Macaya et al., 2020), as buoyant macroalgae may help achieve long-distance dispersal (LDD), a highly relevant evolutionary and ecological process (Jokiel, 1990; Gillespie et al., 2012; Waters et al., 2018a; Macaya et al., 2020). This hypothesis is not only supported by genetic data, as even considering the extension of the SO, as many coastal and benthic taxa are shared within the sub-Antarctic biogeographical region (Griffiths et al., 2009; De Broyer et al, 2014; Koubbi et al., 2014). Since most of these land masses are of heterogeneous origins and ages (continental or volcanic, ranging from ~95Ma to ~500Ka) and are geographically isolated (Quilty, 2007; Hodgson et al., 2014), the most plausible mechanism by which these shared taxa could have colonized their coasts is via transoceanic LDD, largely associated to kelp rafts of Durvillaea antarctica and Macrocystis pyrifera (Waters et al., 2018a; Fraser et al., 2020a). These macroalgae not only dominate near-shore, hard-substrate ecosystems, but are frequently observed floating in open waters, and around 20 million of viable rafts have been estimated to be adriftin the Southern Ocean (Smith, 2002; Stevens et al., 2002). Moreover, phylogeographic studies illustrate common haplotypes between sub-Antarctic islands and southern South America (Patagonia and Falklands/Malvinas Islands), suggesting that D. antarctica (Fraser et al., 2009, Fraser et al, 2010; Bussolini and Waters, 2015) and M. pyrifera (Macaya and Zuccarello, 2010; Assis et al., 2023) have great ability to disperse across the Southern Ocean. Coupled with the fact that live, viable benthic invertebrates have been registered on beached rafts (Fraser et al., 2010; Layton et al., 2022), it is to be expected that species associated with rafting macroalgae are able to withstand floating adrift, settle into new populations, and achieve contemporary gene flow unrelated to their developmental mode, hinted by the scarce studies with SNPs (Single Nucleotide Polymorphisms) in the Southern Ocean (Leiva et al., 2019; Zbawicka et al., 2019; Lau et al., 2023).

However, knowledge of this mechanism is still lacking, and less attention has been given to the frequency of these events and its consequences on contemporary patterns of connectivity (Gillespie et al., 2012; Waters et al., 2018a). Are rafting events rare enough that there’s only sporadic gene flow, to be able to sustain a species’ integrity? Or are they frequent enough to establish a regular, contemporary gene flow amongst isolated, distant coasts? To address this issue, we studied the pulmonate false limpet Siphonaria lateralis (Gastropoda: Heterobranchia) as a model to re-evaluate connectivity and rafting in the Southern Ocean. Despite its benthic protected development with encapsulated larvae in egg masses (Zabala et al., 2020), this species is widely distributed across the rocky intertidal of Patagonia, Falkland/Malvinas Islands, South Georgia, Kerguelen and Macquarie (Dayrat et al., 2014; Güller et al., 2015; González-Wevar et al., 2018), a paradoxical distribution for a species with low dispersal potential. Nevertheless, as discussed above, such extended distribution is not considered rare for species that live in close association with D. antarctica, and rafting has been proposed as the main mechanism explaining such a broad distribution of S. lateralis (Morton and Miller, 1973; Simpson, 1976; González-Wevar et al., 2018). Moreover, phylogeographic studies with mtDNA and nucDNA markers evidenced shallow genetic differentiation across the sub-Antarctic region (>8,000 Km) suggesting that dispersal through rafting may preserve the genetic integrity of the species over large geographic distances (González-Wevar et al., 2018). However, recent studies aiming to explore connectivity with multilocus genetic markers such as SNPs (Single Nucleotide Polymorphisms) have demonstrated that, even in light of absent or low phylogeographic structure, marine species exhibit significant genetic subdivision and restricted gene flow across populations (Pazmiño et al., 2017; Teske et al., 2018; Green et al., 2022). Moreover, while D. antarctica across the Southern Ocean consists of a single broader, sub-Antarctic clade, this macroalgae is sub-structured and there is substantial differentiation between islands according to SNP data (Fraser et al., 2018), that nevertheless seem to be sporadically connected, as supported by distributional modeling and beached kelp rafts, which provide evidence of LDD events across the Southern Ocean (Fraser et al., 2018; Fraser et al, 2022). Considering this information, we expect that associated species such as S. lateralis will display moderate levels of genetic structure and low levels of recent gene flow, enough to maintain contemporary connectivity. Furthermore, our objective is twofold. Firstly, to evaluate whether the long-debated mechanism of rafting maintains substantial contemporary levels of connectivity throughout the distribution range of S. lateralis. Secondly, to ascertain whether this mechanism is effective at a regional scale, facilitating connectivity among disjoint yet geographically proximate coastal populations, particularly within the Kerguelen Islands. Clarifying these two aspects will help towards drawing robust conclusions about the extent and implications of rafting on the Southern Ocean, and its effects on evolutionary history, biogeographic patterns, and eventual conservation strategies.




2 Materials and methods



2.1 Sampling, sequencing and SNP filtering

Between the years 2013 and 2017, 190 adult Siphonaria lateralis individuals were sampled from eight locations, spanning most of the species’ range (Figure 1). Specimens were stored in 96% ethanol for posterior genomic DNA extraction with Qiagen’s DNeasy Blood & Tissue™ Kit, following the manufacturer’s instructions, and DNA concentration was assessed with Qubit™ 3.0 fluorometer (Lifetechnologies). Samples were sent to the Biotechnology Center of the University of Wisconsin, USA. Sequencing and construction of genomic libraries was done by Genotyping by Sequencing (GBS) using Illumina NovaSeq 6000 platform, following a Reduced Representation Sequencing (RRS) approach, which is a reliable and affordable method to study population structure of non-model species without a reference genome, and produce a large number of Single Nucleotide Polymorphisms (SNPs) (Rovelli et al., 2019; Kunvar et al., 2021). Under this approach, library preparation used two restriction enzymes to reduce the complexity of the genome (NsiI-MspI), and barcode adaptors for each individual. Single end reads were visualized in FastQC for quality checks. To generate our SNP dataset, our data was prepared and analyzed following the UNEAK pipeline (Universal Network-Enabled Analysis Kit) implemented in TASSEL v.5, which is useful for de novo locus identification for non-model organisms (Lu et al., 2013). With the UNEAK pipeline, the dataset was demultiplexed, barcodes were removed and reads were trimmed from ~100 bp to 64 bp. Identical tags were aligned with an error tolerance rate of 0.03, to minimize considering real tags as sequencing errors, and we kept only biallelic loci. Following this, we assembled two SNPs datasets according to our research objectives, one global, encompassing S. lateralis individuals sampled across different Southern Ocean sub-Antarctic provinces, and a regional dataset, considering three populations from Kerguelen Islands. We used a 80% mnC (minimum call rate), 5% MAF (minimum allele frequency) to filter the SNPs from each dataset (global and regional), and we allowed a maximum of 40% missing data per individual in TASSEL v.5. Then, we excluded those SNPs that failed the Hardy-Weinberg equilibrium (HWE) test implemented in Arlequin v3.5 (Excoffier and Lischer, 2010) at p < 0.05, and we used a False Discovery Rate (FDR) correction to avoid false positives (incorrectly considering as a SNP as out of HWE), in at least 60% of each of the dataset populations. Since the interest of the study was to focus on neutral evolutionary processes, we identified potential outlier SNPs with BAYESCAN 2.1 (Foll and Gaggiotti, 2008). For this, 500,000 MCMC iterations were run with a 10% burnin’, a thinning interval of 10, and a prior odd of 1,000 (100 for the regional dataset), to minimize potential false positives, according to the large number of SNPs to test. Subsequently, we removed all SNPs after FDR q-value correction that had strong or very strong evidence to be under selection according to Jeffrey’s criterion, to obtain a global and a regional neutral SNPs dataset for downstream analyses.
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Figure 1 | Map of the 8 sampled populations of Siphonaria lateralis (A), with inset maps of South America (B) and Kerguelen Islands (C) sampling sites. Label box provides regional grouping information (PAT = Patagonia, KER = Kerguelen).




2.2 Genetic diversity

Analyses were performed for the global and regional datasets to evaluate the differences in genetic diversity at both spatial scales. For each population, expected heterozygosity (He), observed heterozygosity (Ho), average number of alleles per locus (allelic richness, A), the proportion of polymorphic loci (%Po), and the inbreeding coefficient (FIS) were computed in GENETIX (Belkhir et al., 2004). Additionally, genetic diversity parameters were estimated for the four major geographic areas within the global dataset, and private alleles for each area, and within Kerguelen populations, were quantified in HP-RARE 1.0 (Kalinowski, 2005).Within Kerguelen populations, we estimated the effective population size (Ne) based on the linkage disequilibrium (LD) method using NeEstimator v2.1 (Do et al., 2014), and jackknife 95% confidence intervals (CIs) (Waples and Do, 2008).




2.3 Population structure

We used multiple approaches to assess population genetic structure at global and regional scale. First, pairwise population FST and their significance was estimated using a test of 10,000 permutations in Genodive v 3.0 (Meirmans, 2020). Corresponding FST p-values of multiple testing were adjusted through FDR (Narum, 2006). Secondly, we performed three individual-based population assignment tests to estimate genetic structure; 1) IBS analysis, which clusters together unrelated individuals based on similarities between genotypes at each locus, implemented in the R package SNPRelate (Zheng et al., 2012), 2) Principal Component Analysis (PCA), to determine the percentage of variation in allele frequencies explained by the major axes, implemented in adegenet (Jombart, 2008), and 3), STRUCTURE (Pritchard et al., 2000), a bayesian clustering method that assigns individuals to populations based on allele frequencies. Our aim with STRUCTURE was to discover the main genetic groups across the species’ distribution across the Southern Ocean, and secondly, to determine substructure within each main group. Due to the large number of SNPs in our datasets, we used StrAuto, a Python script that reduces analysis time by allowing for parallel computing of STRUCTURE runs (Chhatre and Emerson, 2017). Number of estimated ancestral populations (K) varied from one to six. Ten replicate runs were performed for each estimated K under the admixture model, with 600,000 MCMC, a 10% burnin’. The most probable K value was inferred based on the ΔK method (Evanno et al., 2005), utilizing Structure Harvester online (Earl and vonHoldt, 2012). Post processing of STRUCTURE results and cluster graphs were drawn in CLUMPAK (Kopelman et al., 2015). Finally, we implemented an Analysis of Molecular Variance (AMOVA) in Arlequin (Excoffier and Lischer, 2010) to evaluate three grouping scenarios/hypothesis of a priori partitioning, to determine which grouping hypothesis maximized the difference between groups.




2.4 Gene flow

Two methods were used to estimate migration rates between the four major geographical areas, and at regional scale; 1) a multilocus approach based on the number of rare alleles, assuming that populations are under migration–drift equilibrium, to estimate the historical effective number of migrants (Nm) (Barton and Slatkin, 1986) in GENEPOP v.4.5 (Rousset, 2008), and 2) BayesAss V3, a bayesian approach that uses individual information to estimate recent migration events, asymmetric patterns of gene flow and directionality. At the same time, this analysis allows to identify first, second or third generation migrants between populations (Wilson and Rannala, 2003).A total of 100,000,000 MCMC iterations were run with a 25% burnin’, sampling every 1,000 chains, to ensure chain independency, and convergence was confirmed in Tracer (Rambaut et al., 2018).





3 Results



3.1 Global and regional datasets

Raw data for each plate consisted of 260,135,231 and 263,506,046 reads, with 249,396,409 and 253,244,524 high-quality reads respectively. Using the UNEAK pipeline, 69,412 candidate SNP sites were detected across 140 individuals of Siphonaria lateralis from eight sampled populations. Out of the 140 individuals, only 116 had sufficient information to be included in the dataset after the bioinformatic filters, resulting in 6,277 SNPs. A total of 351 loci were removed due to being out of HWE in 60% or more of the populations after FDR correction, and another 411 loci were removed after Bayescan analysis identified these loci as outliers, with strong evidence of being under diversifying selection. The final global dataset was made up of 5,515 SNPs putatively neutral loci, for downstream diversity, structure, and gene flow analyses.

For the regional dataset, after implementing bioinformatic filters on 69,412 candidate SNPs from 53 individuals collected at Kerguelen Islands, 52 individuals showed sufficient data across a total of 1,646 SNPs. However, after HWE and FDR filters, we kept 1,298 SNPs, where a further 34 loci were removed for showing significant signals of being under selection. Accordingly, our putatively neutral working dataset consisted of 1,264 SNPs for diversity, structure and gene flow analyses on a smaller regional scale.




3.2 Population genetics across the Southern Ocean



3.2.1 Genetic diversity

All genetic diversity statistics were similar and low in each of the eight sampled populations of S. lateralis, except from Falklands/Malvinas Islands (for values and population codes hereinafter used, Table 1). Proportion of polymorphic loci ranged from 2.99% to 69.23%, where Falklands/Malvinas had the highest polymorphic loci, and contrarily, populations from South America (PH and PD) exhibited the lowest levels of genetic diversity. Observed heterozygosity (Ho) ranged from 0.0153 (FPN) to 0.2148 (FK), yet most values ranged from 0.0153 to 0.0288 (PAF), except from the FK population, which showed the highest Ho by more than an order of magnitude compared to all other populations. Expected heterozygosity (He) ranged from 0.0131 (PH) to 0.2406 (FK), and was slightly lower than Ho in half the populations (Table 1, values indicated in bold letters), and slightly higher than Ho in the other half. Allelic richness (A) ranged from 1.0299 (PH) to 1.6923 (FK), and was similar between all populations except for FK. Finally, FIS ranged from -0.25854 (PH) to 0.39936 (SG), with negative values found only in continental sites (CH, PH, PD) and PAF.

Table 1 | Genetic diversity of Siphonaria lateralis across the Southern Ocean.
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Grouping all populations by geographical area (Patagonia = PAT, Falklands/Malvinas = FK, South Georgia = SG, and Kerguelen = KER, Supplementary Table 1) illustrates similar diversity patterns, as FK remains the most diverse across all statistics. Polymorphism ranged from 14.84% (PAT) to 69.23% (FK), where at least 818 of the 5,515 loci were polymorphic. The He index ranged between 0.0193 (PAT) to 0.2350 (FK), and Ho ranged from 0.197 (SG) to 0.2148 (FK), where He was lower than Ho only in PAT. FIS ranged from -0.02749 (PAT) to 0.39936 (SG), with PAT being the only negative value and SG more than doubled the value of other areas. The number of alleles per area ranged from 6334 (PAT) to 9333 (FK), with 1% (SG) to 36% (FK) of them being private. The number of private alleles from FK were three times higher than those recorded in other areas.




3.2.2 Population structure

All pairwise FST comparisons were significant amongst the eight sampled populations, with high and extremely high values across the studied distribution of Siphonaria lateralis (Table 2). The lowest FST value between sampled populations was found between CH-PH (FST = 0.236), the closest populations. In a general pattern, populations within the same geographical areas (within Patagonia and within Kerguelen islands) exhibited the lowest levels of differentiation amongst themselves (FST < 0.3). The highest FST value was found between FPN-PC (FST = 0.962), some of the most distant populations (8,000 Km). In fact, the highest comparisons (FST > 0.9) were found comparing Kerguelen populations (FPN, PC, PAF) with Patagonia populations (CH, PH, PD), and South Georgia with Patagonia populations. Genetic differentiation was slightly lower between South Georgia and Falkland/Malvinas (FST = 0.752), which are separated by approximately 1,500-2,200 Km of open ocean. South Georgia and Kerguelen populations displayed lower levels of genetic differentiation (FST = 0.579 - 0.604), despite being geographically more distant (>6,500 Km). Falklands/Malvinas Islands, on the other hand, was moderately-highly differentiated with all sampled populations (FST = 0.655 - 0.752).

Table 2 | Pairwise FST values (below diagonal) for all Southern Ocean populations, and their statistical significance (above diagonal).
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Individual-based analyses of global genetic structure suggest the existence of at least three, if not four genetic groups. Based on the number of shared alleles between individuals, the IBS analysis (Supplementary Figure 1) recognized four groups, two clearly defined and separate, and two relatively closer, similar to the PCA (Figure 2). The first two Principal Components explain most of the genetic variance (>70%): the first axis clearly differentiates FK from all other populations, and the second axis segregates CH, PH, PD (PAT) from a FPN, PC, PAF and SG (KER + SG) (Figure 2A). When considering a third axis, while it explains little of the genetic variance (3.41%), the PCA was able to distinguish South Georgia as a slightly differentiated group compared to Kerguelen Islands (Figure 2B). STRUCTURE’s bayesian clustering and Evanno’s ΔK indicate that two genetic clusters make up the first hierarchical level of genetic structure (Figure 3B, Supplementary Figure 2), highlighting the stark divergence between southern South America (CH, PH, PD and FK) and sub-Antarctic Islands (SG, FPN, PC and PAF). While further exploration into K = 3 distinguishes Falklands/Malvinas from the rest of South America (Figure 3C), matching results from the first two principal components of the PCA and the IBS, the second hierarchical level of genetic structure is accounted for when observing K = 4, which reveals significant substructure within the 2 main genetic clusters, southern South America and sub-Antarctic islands, providing a visual representation of what pairwise FST and PC3 suggest (Table 2, Figure 2B): South Georgia is a genetically distinct group, that, however, has a significant presence of a genetic component from Kerguelen, which may correspond to third-generation migrants (Figure 3D).
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Figure 2 | Global PCA scatterplot of the first 2 principal components (A), and second and third principal components (B), with percentage of explained variance by axis. Colors represent the sampling population of each individual, additional labels represent major geographical areas (C), to reference the map (PAT = Patagonia (CH, PH, PD), SG = South Georgia, FK = Falklands/Malvinas, and KER = Kerguelen (FPN, PC, PAF)).
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Figure 3 | Southern Ocean map with the four major geographical areas (A), and Bayesian clustering inferred with STRUCTURE for K = 2 (B), K = 3 (C), and K = 4 its respective recent migration rates inferred by BA3 for K=4 (D). Colors represent geographical areas and are shaded to distinguish sampled populations. Solid arrows represent self-recruitment, dashed arrows represent migration towards other populations.

Additionally, to further clarify the global genetic structure, we performed an AMOVA analysis considering the three alternative grouping hypotheses provided by the genetic structuring analyses as follows: H1 = two groups South America - Sub-Antarctic Islands (SA-IS), H2 = three groups Patagonia - Falklands/Malvinas - sub-Antarctic Islands (PAT-FK-IS), and H3 = four groups Patagonia - Falklands/Malvinas - South Georgia - Kerguelen (PAT-FK-SG-KER) (Supplementary Table 3). H1 was discarded, given that variation among groups (Va = 57.56, FCT = 0.5755) was comparatively lower than for the other two hypotheses. While FCT was slightly higher for H2 than H3 (0.81269 versus 0.80529), we took into consideration the significant substructure within sub-Antarctic islands, illustrated by the percentage of variance among populations within groups in H2 (Vb = 4.69) and pairwise FST with K = 4 (KER-PAT FST = 0.572, p-value <0.001, Supplementary Table 2). Therefore, we computed how much variation was truly just because of grouping choice, controlling for variation amongst populations within groups (Va/Va+Vb), which supported the four groups hypothesis over other grouping hypotheses (H3 = 98.33% versus H2 = 94.84%), considering South Georgia as a fourth group on its own.




3.2.3 Gene flow estimates

Two approaches were used to estimate gene flow between the four genetic groups, across >8,500 Km in the Southern Ocean (Figure 3A). Historical gene flow inferred by GENEPOP was low (Nm<1), and ranged from 0.0135 (between Patagonia and Kerguelen) to 0.305 (between South Georgia and Kerguelen) (Table 3). However, migration between South Georgia and Kerguelen Islands, albeit still low, was an order of magnitude higher than between the other genetic groups. On the other hand, recent migration rates between groups, as indicated by the BA3 results (Figure 3D), illustrate two scenarios; pairwise population migration rates range from 0.58% to 1.68%, whereas the highest rates consist on self-recruitment, ranging from 95% to 98.2%, meaning that >95% of individuals were genetically assigned to their population of origin. However, pairwise population migration rates were not symmetrical; inferred gene flow from Patagonia, Falklands/Malvinas and South Georgia towards Kerguelen is an order of magnitude lower than inferred gene flow from Kerguelen to the other three areas (i.e. KER towards PAT = 1.68%, PAT towards KER = 0.58%). Finally, BA3 did not identify migrants of first, second, or third generations, with all individuals being assigned as ~100% belonging to their population of origin, unlike the five individuals visually identified as possible third-generation migrants in STRUCTURE (Figure 3D).

Table 3 | Global pairwise estimates of the effective number of migrants (Nm) as determined with GENEPOP.
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3.3 Regional population genetics



3.3.1 Kerguelen genetic diversity

For the regional scale, which encompasses the Kerguelen Archipelago, genetic diversity was similar across populations, yet slightly higher in PAF across all statistics (Table 4). Proportion of polymorphic loci ranged from 75.16% to 91.07%, expected heterozygosity (He) ranged from 0.271 to 0.345, and observed heterozygosity (Ho) ranged from 0.280 to 0.449, where He was lower than Ho for FPN and PAF. Allelic richness (A) within populations ranged from 1.75518 to 1.9107. FIS ranged from -0.278 to 0.055, negative only within PAF, suggesting a slight excess of heterozygotes and departure from HWE. Effective population size (Ne) was higher in PAF (224.4), and lowest in FPN (91.8). As for private alleles, FPN had the lowest value with 13 alleles, followed by PC with 64, and the highest value was observed in PAF with 155 alleles, representing between 1% and ~12% of the 1,264 loci in the regional dataset.

Table 4 | Genetic diversity within Kerguelen Islands.
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3.3.2 Kerguelen structure and gene flow

The pairwise FST analyzes all resulted in significance (p < 0.05), with values ranging from 0.124 to 0.154 (Supplementary Table 4). The presence of three genetic groups corresponding to the sampled locations observed is suggested by IBS (Supplementary Figure 3), and the PCA, where the first two principal components (PC1 and PC2) explain >40% of the genetic variance results (Figure 4A). Likewise, STRUCTURE analyses determined an optimal K = 3, with three genetic groups clearly defined, each corresponding to the different sampled locations across Kerguelen, with only a slight signal of mixed genetic component of other groups, and without visual evidence of first, second or third generation migrants (Figure 4C).
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Figure 4 | Genetic structure within Kerguelen Islands: PCA scatterplot showing the first 2 principal components and percentage of explained variance by axis (A), BA3 recent migration rates between sampled populations (B), and Bayesian clustering inferred with STRUCTURE (C). Colors represent the sampling population of each individual. Solid arrows represent self-recruitment, dashed arrows represent migration towards other populations.

Both historical and contemporary gene flow between these three groups is very low. According to GENEPOP, historical Nm between groups ranges from 0.06 to 0.077, the lowest genetic exchange being between PC and PAF (Supplementary Table 5). At contemporary scale, migration rates between the described populations ranged from 1.44% to 1.86%, were migration from FPN towards PAF (1.44%) was slightly lower than from PC to PAF (1.46%), providing evidence of low regional migration rates among the analyzed populations, which are mostly sustained by self-recruitment (>96%) (Figure 4B). Furthermore, BA3 did not provide any evidence for first, second, or third generation migrants.






4 Discussion

Through the analysis of genomic data (SNPs), we found that distant populations of Siphonaria lateralis distributed across the Southern Ocean are not sufficiently connected to prevent significant genetic differentiation. Buoyant kelp such as Durvillaea antarctica have probably played a crucial role in favoring transoceanic, long distance dispersal by rafting, and genetic homogeneity, of various coastal marine invertebrates, which largely match this macroalgae distribution (Fraser et al., 2010; Nikula et al., 2010; González-Wevar et al., 2018; Halanych and Mahon, 2018; Fraser et al., 2020a). This has allowed the colonization and re-colonization of sub-Antarctic coasts by different species (Leese et al., 2010; Nikula et al., 2010; Cumming et al., 2014; González-Wevar et al., 2018). Nonetheless, this dispersal mechanism would not necessarily prevent population differentiation. In light of our estimations of genetic structure and gene flow among populations at different geographical scales across the SO, based on more than 5,000 SNPs, we found that contemporary rafting does not promote sufficient ongoing gene flow in the pulmonate limpet S. lateralis, a species with benthic protected development, to homogenize distant populations. Furthermore, our results serve as evidence that connectivity is a process more complex than just accounting for dispersal potential, as Moon et al. (2017) argue, in which local dynamics, past and contemporary climate and physical barriers to dispersal, among other factors, may determine the extent of connectivity.

The eight sampled populations represent four major geographical areas; Patagonia, Falkland/Malvinas Islands, South Georgia, and Kerguelen. Genetic diversity was remarkably low across populations and geographical areas, in comparison to other genomic (SNPs) studies on gastropods across the world (i.e. Ho = 0.35-0.06) (Cortez et al., 2021; Maes et al., 2022; Morrissey et al., 2022; Quintero-Galvis et al., 2023). Moreover, values were low, regardless of whether populations were under-sampled or well-sampled. Falkland/Malvinas Islands was the only exception to this pattern, displaying genetic diversity values more than an order of magnitude higher than the rest of the populations, but falling in line with diversity from other gastropods. At global scale, patterns of low genetic diversity most likely reflect a founder takes all effect (Waters et al., 2013), where LDD rafting allow few founder alleles to colonize new populations, and genetic diversity remains low after demographic growth due to density dependent processes, with new alleles having little success in arriving and establishing in high-density populations. During Quaternary glaciations, the majority of the Pacific coast of southern South America was covered by the Patagonian Ice Sheet (Rabassa et al., 2005, Rabassa et al, 2011), extinguishing most of the benthic taxa (Clarke and Crame, 2010; Post et al., 2014), yet some taxa survived in pockets of glacial refugia (Montecinos et al., 2012; Trovant et al., 2015). On the contrary, the Atlantic coastline receded and exposed the continental shelf (Glasser and Jansson, 2008), causing local extinctions and/or range contractions, with refugium at lower latitudes for cold-temperate taxa. Moreover, SO islands had different glaciation scenarios; Falklands/Malvinas Islands had little to no ice during the Last Glacial Maximum (LGM), while South Georgia and Kerguelen Islands had terrestrial and marine glaciers (Fraser et al., 2009; Hodgson et al., 2014). While these scenarios offer different paths for recolonization events, phylogeographic patterns of S. lateralis support the hypothesis of two independent glacial refugia for the species (González-Wevar et al., 2018). One in Falklands/Malvinas, refugium illustrated by other benthic taxa (Leese et al., 2010; González-Wevar et al., 2012), which has thrived in isolation to this day, as illustrated by the rich genetic diversity found in our results (heterozygosity, polymorphism and number of private alleles). And a second refugium, in southern South America, with a reduced genetic diversity that recolonized both Patagonian coasts and distant populations across the SO such as South Georgia and Kerguelen Islands, which are less diverse in comparison to Falklands/Malvinas Islands, that have evolved separately with little to no allele surfing from other populations.

According to what we expected, we found significant genetic structure in S. lateralis across the SO. Results indicated that a substantial differentiation coincided with areas North and South of the Antarctic Convergence, an oceanographic feature that according to recent genomic studies, both represents a genetic barrier for gene flow on some species (Moore et al., 2018) or has no influence whatsoever (Galaska et al., 2017). However, we found strong evidence of four genetic clusters, matching the four major geographical areas sampled; Patagonia, Falklands/Malvinas Islands, South Georgia, and Kerguelen. The highest differentiation occurred between the two most distant populations, Patagonia and Kerguelen, however, Patagonia and South Georgia were also markedly differentiated, which is interesting to note, because it may hint at a deeper or older differentiation between these sub-Antarctic islands and the continent. On the other hand, the marked differentiation of Falklands/Malvinas Islands from the rest of the SO is most likely due to a historical differentiation (Quaternary glaciations) from the rest of southern South America, also evidenced in other studies that evaluate the phylogeographic structure of marine invertebrates without free-living larvae, which display significant phylogeographic structure between Falklands/Malvinas Islands and Patagonia (Leese et al., 2008; González-Wevar et al., 2018; González-Wevar et al., 2021). However, there are some exceptions, as some benthic brooders lack genetic structure between both populations (Cumming et al., 2014; Segovia et al., 2022), and few benthic broadcasters display significant differentiation (González-Wevar et al., 2021). Therefore, in addition to historical patterns, other factors must be sustaining and/or promoting this differentiation, as either environmental discontinuities arising from oceanographic characteristics, or species traits that could limit dispersal and act as gene flow barriers (Gillespie and Roderick, 2014; Moon et al., 2017), as seen in studies compending the notothenioid fish Harpafiger, which has reduced phylogeographic structure between Falklands/Malvinas Islands and Patagonia, yet its population discrimination analyses using SNPs clearly differentiate both populations (Segovia et al., 2022).

On the other hand, similar to what was found with traditional markers, multilocus markers exhibit significant, but lesser genetic structuring between South Georgia and Kerguelen. Our data provide scarce evidence of historical long-distance dispersal (LDD) on S. lateralis across sub-Antarctic islands approximately 7,000 Km apart, potentially via rafting, as previously hypothesized by González-Wevar et al. (2018). Despite noteworthy estimated historical migration rates between South Georgia and Kerguelen, in comparison to other pairwise estimates, these values are low (Nm < 1) and insufficient to prevent polymorphism loss and population differentiation (Wright, 1931; Vucetich and Waite, 2000). Moreover, self-recruitment dominates S. lateralis population dynamics, where 95% of individuals remain in their population of origin, and <2% migrate to other populations, insufficient gene flow to prevent genetic structuring across the SO. Interestingly, estimated contemporary migration rates, albeit marginal, evidence double the gene flow from Kerguelen to South Georgia, spanning ~16,000 Km, than from South Georgia towards Kerguelen, the shortest route, by ~10,000 Km less. This is plausible because the Antarctic Circumpolar Current flows eastward, connecting all SO land masses and remote islands by oceanic circulation and drifting macroalgae (Leese et al., 2010; Hunt et al., 2016), and simulated trajectories by Fraser et al. (2018) illustrate multiple pathways within ecologically viable timeframes for D. antarctica and the lifespan of associated hitchhiking invertebrates to reach Antarctica and sub-Antarctic islands (Fraser et al., 2010; López et al., 2017). However, as Moon et al. (2017) argue, and even in light of documented rafting events, these events may be insufficient to sustain levels of contemporary gene flow capable of preventing population structuring, as illustrated by D. antarctica, which displays significant genetic structure across the SO (Fraser et al., 2018; Fraser et al, 2022). Moreover, the current location and movement of the Antarctic Polar Front (APF) may limit dispersal between South Georgia and Kerguelen through different abiotic factors, such as temperature, which may affect survivorship or development and is a significant driver of genetic structure (Boulanger et al., 2022; Mendes et al., 2022), as rafting also depends on species traits and physiological tolerances (Simkanin et al., 2019). Therefore, while LDD through rafting remains a relevant dispersal mechanism at evolutionary timescales, our SNP data offer little support to the hypothesis that it promotes high levels of gene flow to sustain significant levels of contemporary connectivity, and population genetic structure may arise, as illustrated by our results.

Finally, at a regional scale within Kerguelen, genetic diversity was higher in PAF. Genetic structuring analyses within Kerguelen Islands reveal three similarly differentiated groups. Additionally, contemporary gene flow analyses failed to detect recent dispersal events by first, second or third generation migrants between the studied locations, with historical genetic flow being marginal at best. Few studies have evaluated contemporary genetic structure and gene flow within Kerguelen Islands, and yet both brooders and broadcasters exhibit marked genetic structure between North, South and East (Ledoux et al., 2012; Fraïsse et al., 2021). This is an even more interesting finding than the genetic structure of S. lateralis across the sub-Antarctic region, as rafting events across hundreds to thousands of kilometers have proven to be historically relevant, yet may be unpredictable and irregular at present day (Moon et al., 2017). But if macroalgae such as D. antarctica and M. pyrifera are as abundant as they are within Kerguelen Islands (Féral et al., 2021), surely, rafting at regional scale could be more frequent and/or less stochastic that at larger scales, as gene flow would offset genetic structuring. Studies within and around New Zealand provide evidence of sporadic rafting of direct developers across >500 Km (Fraser et al., 2020b; Donald et al., 2020). However, local upwelling processes, environmental discontinuities or habitat specificity are some of the potential drivers of genetic divergence regardless of developmental mode, leading to significant genetic fragmentation over short geographical distances (Johansson et al., 2008; Ayre et al., 2009; Gonzalez et al., 2016; Donald et al., 2020). Within Kerguelen, the intertidal zone has abundant and sub-divided kelp forests forming defined patches of habitat, all of which are differently exposed to the diverse influences of both open sea and land water (rivers and melting glaciers) (Koubbi et al., 2016). On the other hand, the Kerguelen coast is heterogeneous, as it has both jagged and linear coastlines, and exposed or sheltered bays, which in turn determine the spatial distribution of benthic species (Poulin and Féral, 1995; Améziane et al., 2011). Therefore, this oceanographic and environmental patchiness, even under the assumption that S. lateralis disperses by rafting within Kerguelen, could lead to the levels of genetic structure found in our study. On the other hand, currents around the Kerguelen Islands either transport waters coastward, eastward or northward of the Kerguelen Plateau (Park et al., 2008; Zhou et al., 2014), providing little means for kelp rafts to move within Kerguelen, which could explain the low levels of gene flow and high estimates of self-recruitment among sampled populations of S. lateralis. Furthermore, Fraïsse et al. (2021) tested for the role of habitat heterogeneity in explaining the North-South differentiation of Mytilus in Kerguelen, and found that the presence of Macrocystis kelps, substrate type and coastal slope had a low but significant role in genetic differentiation.

Therefore, considering the observed patterns at global and regional scale, multilocus markers such as SNPs provide further tools to comprehend the extent and reach of dispersal and connectivity paradigms in the SO. Rafting has been an important Quaternary dispersal mechanism for benthic fauna, which provided the means to colonize/recolonize the sub-Antarctic region, yet its present relevance in promoting high levels of gene flow is disputed by our data, which, albeit limited to a single species, demonstrates that rafting sustains low levels of gene flow, evidenced in significant contemporary genetic structure across SO populations. Nevertheless, further research is needed to clarify contemporary dispersal patterns across the SO, which need to consider studying SNPs or whole genome sequencing in other species with different dispersal potential as study models, as well as environmental/oceanographical characteristics as potential barriers to present-day dispersal and genetic connectivity in the SO, where seascape genomic studies could help clarify these patterns.
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Introduction

Elevation gradients are often used as a proxy for climate change as they allow comparisons of ecological responses over much larger temporal and spatial scales than is possible through experimental manipulations.





Methods

Here, we tested how microarthropod communities (Collembola and Acari) are affected by climatic differences between sea level and 600 m a.s.l. on Navarino Island, in the Magellanic sub-Antarctic ecoregion of southern Chile (mean annual temperatures of 5.6 vs 3.1°C, respectively). We quantified microarthropod abundance, richness and community trait characteristics in dominant moss (Racomitrium lanuginosum and Polytrichum strictum) and lichen (Usnea trachycarpa, Pseudocyphellaria freycinetii and Stereocaulon alpinum) vegetation growing at both elevations. These moss and lichen genera are characterized by large morphological differences and allow testing of how habitat characteristics affect microarthropod community response across elevation gradients.





Results

Collembola and Acari community composition differed between the low and high elevation sites. Total abundance levels of Acari were maintained in each habitat across elevation, whereas Collembola richness strongly declined (50%) at high elevation in the moss habitats. Acari community differences across elevation were driven by relative abundance changes whereas the Collembola community lost species at higher elevation. An anticipated decline of smaller eudaphic Collembola at high elevation was only observed in the moss Racomitrium, reflecting potentially lower temperature buffering capacity and shelter options compared to Polytrichum. Lichens mostly supported larger epigeic species irrespective of elevation. There were no consistent patterns linking microarthropod communities with habitat water holding capacity or water loss rates across the studied habitats and elevation.





Discussion

Habitat type and the genus of moss or lichen were associated with microarthropod community changes across elevation, including examples of declines, increases and no change. These findings highlight that community responses across gradients may not always relate to the generally hypothesized environmental variables (e.g. temperature variability) and that habitat characteristics should be taken into account when using elevation as a proxy for climate change.




Keywords: Collembola, moss, lichen, microclimate, Acari (mites)





Introduction

Polar regions are experiencing some of the most rapid warming rates on Earth, resulting in potentially large changes in vegetation composition, soil communities and soil process rates (Elmendorf et al., 2012; Myers-Smith et al., 2015; IPCC, 2023). Understanding ecosystem response to warming is crucial for understanding future feedbacks to global climate change. Microarthropods, such as springtails (Collembola) and mites (Acari), are soil biotic drivers of soil nutrient and carbon cycling (Seastedt, 1984; Filser, 2002; Kampichler and Bruckner, 2009) and changes in their abundance and community composition affect decomposition rates (Wall et al., 2008; Handa et al., 2014). Predicting microarthropod response to changes in climate is complicated as various factors change simultaneously in the soil biotic and abiotic environment, all of which can potentially promote or restrict individual growth and reproduction. In addition, some microarthropod species may be more responsive to direct changes in microclimate conditions (Makkonen et al., 2011; Bokhorst et al., 2012), while others respond to indirect climate-driven changes in vegetation and associated soil characteristics (Krab et al., 2010; Bokhorst et al., 2017). Untangling this context specificity across species response requires complementary approaches, and will help to anticipate challenges in polar ecosystems resulting from climate change.

Experimental warming studies show large and variable responses by microarthropods (Hodkinson et al., 1998; Convey et al., 2002; Bokhorst et al., 2008; Kardol et al., 2011). This variability in part reflects the context dependency on where these studies were performed. In addition, methodological drawbacks exist with experimental approaches in terms of realism (such as altering the frequency of temperature extremes) or affect multiple microclimate conditions (e.g., moisture deficits, wind speed and shade) (Bokhorst et al., 2013a). This can complicate our ability to determine the nature of causality behind response variables. Using comparisons across elevation as a proxy for climate differences provides an alternative approach to quantify climate change effects and allow assessment of ecological responses over much larger temporal and spatial scales than is possible through experimental manipulations (Hodkinson, 2005; Sundqvist et al., 2013). Such elevation approaches have been used to characterize microarthropod community changes, but often generate contrasting response patterns in terms of abundance and diversity (Lamoncha and Crossley, 1998; Loranger et al., 2001; Sadaka and Ponge, 2003; Jing et al., 2005; Hasegawa et al., 2006; Illig et al., 2010; Nash et al., 2013) or community changes that were habitat dependent (Bokhorst et al., 2018). Recent studies have suggested that springtail communities show a higher proportion of larger species and individuals with increasing elevation (Bokhorst et al., 2018; Wu et al., 2023; Hishi et al., 2024), which probably reflects selection against smaller species with vulnerability to freezing intensity and variability around zero degrees (freeze-thaw) found at higher elevation (Leinaas, 1983; Sømme, 1989; Bokhorst et al., 2012; Bokhorst et al., 2013b; van Dooremalen et al., 2013). Mite communities typically show a decline in abundance with altitude across major taxonomic groups (Bokhorst et al., 2018). To further untangle patterns of microarthropod distribution patterns across environmental gradients, studies can take advantage of habitat types that change as little as possible with elevation, such as provided by mosses and lichens.

Mosses and lichens are key players in shaping boreal and polar terrestrial microarthropod communities by providing habitat, water, food and buffering against weather extremes (Cornelissen et al., 2007; Blok et al., 2011; Bokhorst et al., 2014; Roos et al., 2021). However, moss and lichen species typically differ in the microarthropod communities they support (Bokhorst et al., 2015; Trekels et al., 2017; Roos et al., 2022), resulting from the way each moss and lichen species creates its own microhabitat (Stoy et al., 2012; van Zuijlen et al., 2020). Moss and lichen water content affects the type of microarthropods supported and higher water holding capacity often results in greater arthropod abundance (Booth and Usher, 1984; Bokhorst et al., 2015). Cryptogam water holding capacity is unlikely to change markedly across environmental gradients (Roos et al., 2019), but water loss rates may be slower in exposed areas, such as a montane plateaus, to prolong photosynthetic capacity (Pintado et al., 1997) which, in turn, provides a longer duration of moist environmental conditions for associated microarthropods. By comparing how microarthropod communities change across elevation within the same moss and lichen habitat, we can identify if microarthropod responses are driven by the overall changes in temperature conditions at higher elevation (environmental selection) or by habitat conditions created by the moss and lichen habitats.

Here we tested how Collembola and Acari community composition responded to changes in climate conditions across elevation, while retaining the same habitat structure provided by moss and lichen species that grew at both high and low elevation sites. The study was carried out on Navarino Island in the Magellanic sub-Antarctic ecoregion of Southern Chile, whose high elevation fell-field plateaus face similar environmental conditions to the core sub-Antarctic islands and parts of the Antarctic Peninsula region (Rosenfeld et al., 2020; Francisco et al., 2021). We hypothesized that: a) microarthropod abundance will decline at higher elevation as a result of the colder environmental conditions, b) microarthropod communities will be more strongly affected by elevation in lichen than moss habitat as mosses provide stronger buffering against environmental extremes (Stoy et al., 2012), and c) communities will shift toward larger sized Collembola at higher elevation.





Methods

The study site (Figure 1) was located on Navarino Island in southern Patagonia (55° 07’ S, 67° 66’ W). The low elevation sampling site (54° 94’ S, 67° 62’ W) was situated close to sea level at the edge of Nothofagus forest (mixed stands of N. pumilio and N. antarctica) intermixed with peatland (Sphagnum magellanicum). The high elevation sampling site was situated above the tree line (600 m. asl. 54° 97’ S, 67° 63’ W) on Cerro Bandera and comprised a typical fellfield community consisting of a mosaic of lichens and mosses intermixed with dwarf shrubs (Empetrum rubrum), cushion plants (Azorella spp.) and grasses, similar to sub-Arctic mountainous regions and sub-Antarctic islands (Greene, 1964; Upson et al., 2017). Mean annual soil temperatures are 5.6°C and 3.1°C for the low and high elevation sites, respectively, and 0.5°C and -2.2°C during winter (Table 1). Snow frequently occurs during summer months at the high elevation site, but melts out within a few days, while at sea level precipitation mostly falls as rain (Rozzi and Jimenez, 2013).

[image: Map of Navarino Island with two accompanying photos. The top photo shows a high-elevation landscape with rocky terrain, sparse vegetation, and two figures walking in the distance. The bottom photo depicts a low-elevation area with denser vegetation and a sunlit tree, with mountains in the background.]
Figure 1 | Map showing the location of Navarino Island in southern Patagonia (54° 97’ S, 67° 63’ W). The low elevation sampling site (lower right picture) was situated close to sea level at the edge of Nothofagus forest intermixed with peatland (Sphagnum magellanicum). The high elevation sampling site (upper right picture) was situated above the tree line (600 m. asl.) on Cerro Bandera and comprised a typical lichen fellfield community intermixed with dwarf shrubs and cushion plants.

Table 1 | Microclimate temperature conditions and water traits among different moss and lichen habitats at low and high field sites.


[image: A table comparing site and habitat variables under different temperature and water conditions. Site variables include mean, minimum, and maximum temperature, degree days, and freeze-thaw cycles. Habitat variables show temperature range, water holding capacity (WHC), maximum temperature, and water loss for five species: Polytrichum, Racomitrium, Pseudocyphellaria, Stereocaulon, and Usnea. Data includes error margins and statistical significance is noted at the table's end.]
During the austral summer (22-29th January 2020) we collected dominant moss and lichen species that occur at both low (sea level) and high (600 m a.s.l.) elevation. Twenty clumps each of Racomitrium lanuginosum, Polytrichum strictum, Usnea trachycarpa, Pseudocyphellaria freycinetii and Stereocaulon alpinum from the low (n = 10) and high (n = 10) elevation study site. Henceforth these species will be referred to by their genus name alone. Polytrichum (Polytrichaceae, bog haircap moss) is an erect growing, acrocarpic, moss species preferring moist habitats (peatlands), which is also found in the maritime Antarctic and the Arctic. Its erect growth form creates a compact moss mat which can develop to tens of cm depth. Racomitrium (Grimmiaceae, woolly fringe moss) is a common moss species of montane and polar tundra (also in the maritime Antarctic) growing as large mats of loose horizontal shoots, across dry exposed rock and in boulder scree. Pseudocyphellaria (Peltigeraceae, speckle belly lichens) is a foliose lichen growing on tree trunks and boulders where it forms extensive mats. Although Peltigeraceae are present in Antarctica, the genus Pseudocyphellaria is not reported from the Arctic or Antarctic. Stereocaulon (Stereocaulaceae, snow lichens) is a fruticose grey-white lichen, with densely branched thalli covered with grainy outer edges, which also occurs in the maritime Antarctic. Usnea (Parmelicaceae, beard lichen) is pale grey-green fruticose lichen that resembles a miniature shrub. Lichens of this genus have a worldwide distribution with several species also occurring in Antarctica.

Individual lichen thalli (c. 5 cm × 5 cm) were collected by hand, ensuring at least 50 cm distance between thalli. Mosses were collected using a 5 cm diameter, maximum depth of 5 cm, corer with a minimum of 1 m distance between cores. Mosses and lichens were obtained from patches dominated by the target species, to minimize potential edge effects. Each sample was immediately sealed in a sampling pot with lid and microarthropod extraction was started as soon as possible upon return to the field station (<5 h). Species replicate samples (n = 10) were always collected on the same day, but logistical practicalities prevented sampling all species across both study sites at the same day. However, given the short duration of the sampling campaign (7 d), we assume that any time differences between low and high site sampling dates (1-5 d) and species (3-6 d) did not affect microarthropod abundances.

A Tullgren heat extractor was used to collect Collembola, Acari and spiders (Araneae) from the vegetation samples. Extractions took place over a minimum of 48 h until the cryptogam habitat was dry, and the extracted animals were immediately preserved in ethanol (70%). Collembola species were identified to genus or species level following Heckman (2001) and grouped into life-form groups according to their known vertical distributions across soil-litter profiles: in soil, eudaphic; in litter, hemi-edaphic; on plants, epigeic; (Gisin, 1943). To determine whether Collembola species with specific traits would be differentially affected by elevation, community weighted trait means (CWM) were calculated (de Bello et al., 2011). For each trait the relative abundance of a Collembola species was multiplied by its trait value, and then summed over all species in the community. For Collembola we used the traits of life form eudaphic (trait value 1), hemidaphic (trait value 2) and epigeic (trait value 3), and CWM body length (mm). Trait information was obtained from the literature (Gisin, 1943; Fjellberg, 1998; Heckman, 2001). Acari were identified to major groups (Oribatida, Mesotigmata and Prostigmata-Astigmata) and, where possible, to family level. All spiders were counted, but not compared across functional trait groups as this type of information is lacking. All abundance data were expressed as individuals per gram oven dried substrate (70°C 48 h). Collembola species and Acari group frequency across sampled habitats are presented in Supplementary Table 1.

To determine if habitats differently buffer against environmental conditions, we measured hourly temperature and light conditions of each moss and lichen habitat at the high and low elevation site for 48 h in late January, using HOBO pendants (UA 002-64). Logger placement among mosses resulted in the logger being buried and not exposed to direct illumination, while among lichen thalli the loggers were partly exposed to direct illumination. Due to logger limitation there was no replication of microclimate logging at the respective elevation sites; the logger placed in Usnea at the low elevation site malfunctioned. For each habitat type (species) we calculated daily mean temperature, temperature range and the minimum and maximum temperature. Although the microclimate recording took place over only a short mid-summer period, it reflects the temperature and light conditions soil invertebrates are exposed to when living among these moss and lichen habitats. Year-round temperature and light data were obtained using HOBO pendants (UA 002-64) placed on the soil at the high (n = 5) and low (n = 3) elevation site.

Moss and lichen water holding capacity (WHC) was quantified by comparing the weight difference between fully hydrated and oven dried (70°C 48 h) tissue samples. Full hydration was achieved by wetting lichen thalli and moss plugs and placing them in a closed jar with moist tissue paper for 24 h. A thin layer (1-2 cm) of water was added to the moss plugs as these can take up substantially more water than lichens. To quantify water loss rates, fully hydrated samples were weighed at regular intervals (1.5-3 h) under standardized laboratory settings at room temperature for 7 h. Water loss rates followed a linear or exponential decline and the time to 50% water loss was calculated as a response variable (water retention time) for each individual moss and lichen sample.




Statistical analyses

A factorial ANOVA was used to test how microarthropod abundance (total, Collembola, Acari, spider, species and groups), taxonomic richness, community weighted trait values, water holding capacity (WHC) and water retention time were affected by habitat (n = 5 species) and elevation (low vs. high). We quantified how Collembola and Acari community composition (based on abundance) differed between elevation in each habitat using Bray-Curtis distance and compared habitat differences using the adonis-method from the R ‘vegan package’ (Oksanen, 2015). To identify effects of changing water conditions across elevation within each habitat we assessed the correlation (Pearson) of habitat WHC and water retention time with microarthropod abundance and richness. All data were log- or square root-transformed to improve homogeneity of variances. All analyses were performed using R (R-Core-Team, 2023). We used the online iNterpolation and EXTrapolation tool to check if sampling size was sufficient capture microarthropod diversity (Supplementary Figure S1) (Chao et al., 2014). This type of sampling curve plots the diversity estimates with respect to sample size. Although we tested for moss and lichen habitat differences in microarthropod composition measures, the results and discussion primarily focus on elevation comparisons between moss and lichen habitats.






Results




Microclimate differences

Mean annual soil temperature was 2.5°C lower at high elevation, and this was also reflected in lower moss (3.0 - 3.6°C) and lichen (5.4 - 5.7°C) summer temperatures (Table 1). The high elevation site was exposed to nearly three times higher frequency of freeze-thaw events annually, and experienced a larger temperature range due to colder winter and warmer summer temperatures (Table 1). The summer temperature range at the low elevation site was on average 7°C higher among the moss and lichen habitats compared to the high elevation site. Moss temperature range was about 10-20°C lower than that of lichens at low elevation, whereas this differences was reduced at high elevation (Table 1, Supplementary Figures 2, 3). Water holding capacity and water retention time were highest in the two moss habitats compared to the lichens, with the latter decreasing in the following order: Stereocaulon > Pseudocyphellaria > Usnea. Racomitrium had a 24% higher WHC at high elevation, and Usnea from high elevation lost water more than two times more rapidly than did specimens from low elevation. Other moss and lichen habitats did not differ in WHC or water retention time between high and low elevation (Table 1).





Microarthropod abundance and richness responses

Total microarthropod abundance was affected by elevation but not consistently across moss and lichen habitats, and a similar pattern was observed for Collembola and Acari abundance and taxonomic richness (Table 2). Collembola abundance was lower at high elevation in Racomitrium (64%) and Usnea (84%) compared to the low elevation site, as predicted, but no significant differences were observed among the other moss and lichen habitats. Acari abundance was 92% lower among Usnea at high elevation (Figures 2A, B). Collembola species richness was reduced by 50% at high elevation in Polytrichum, Racomitrium and Usnea, as predicted, while a doubling of Acari taxonomic richness was observed in Polytrichum at high elevation (Figures 2C, D). Spider abundance was low overall and spiders were absent from moss but not lichen at high elevation.

Table 2 | ANOVA results (F and P-values) of micro-arthropod abundance, taxonomic richness and community weighted mean traits between different lichen and moss habitats across low and high elevation.


[image: Table displaying statistical data on microarthropod abundances across different habitats and elevations. Columns show F and P values for Habitat, Elevation, and their interaction. Rows include variables like Collembola, Acari, and Oribatida abundance and percentages, with significant values highlighted.]
[image: Four bar charts depict abundance and species richness of Collembola and Acari across five genera: Polytrichum, Racomitrium, Pseudocyphellaria, Stereocaulon, and Usnea. Charts a) and b) show abundance, while c) and d) show species and taxonomic richness. Low and high values are distinguished by bar color. Statistical significance is indicated with letters and asterisks.]
Figure 2 | Micro-arthropod abundance (A, B) and taxonomic richness (C, D) across elevation and moss and lichen habitats. Mosses: Polytrichum and Racomitrium, lichens: Pseudocyphellaria, Stereocaulon and Usnea. Each bar is the mean of n = 10 replicates with SE as error bars. * denotes significant differences between elevation, while different letters indicate habitat differences.

There was no consistent Collembola size response with elevation across habitats (Figures 3A, B). Epigeic Collembola abundance was decreased (84%) at high elevation in Stereocaulon (Supplementary Figure 4A). Eudaphic Collembola were absent at high elevation in Racomitrium, and hemidaphic Collembola abundance was reduced (62%) in this moss, resulting in a community with larger species (Figures 3A, B). No elevation effects were observed for any of the other moss or lichen habitats on these Collembola groups (Supplementary Figures 4B, C). Abundance of mesostigmatid mites was not consistently affected across elevation. Oribatid mite abundance was reduced (99%) at higher elevation in Usnea, while prostigmatid mite abundance increased ten-fold in Racomitrium at high elevation.

[image: Four bar charts display data on different species. Chart a shows stratification levels for Polytrichum, Racomitrium, Pseudocyphellaria, Stereocaulon, and Usnea. Chart b presents CWM length in millimeters for the same species. Charts c and d depict proportions of epigeic, hemidaphic, and eudaphic invertebrates, and mesostigmata, oribatida, and prostigmata for each species, comparing low and high values.]
Figure 3 | Micro-arthropod community composition in different habitats across elevation. Collembola community weighted mean vertical stratification (A), and community weighted mean length (B). The lower panels show the proportion of Collembola groups (C) and major Acari taxonomic groups (D). mosses: polytrichum and racomitrium, lichens: pseudocyphellaria, stereocaulon and usnea. Bars show mean values of n = 10 replicates per habitat type with SE as error bars. Lowercase letters indicate significant community differences between mosses and lichens.





Community responses

Collembola community composition differed between the low and high elevation sites for four of the five sampled cryptogams, the exception being Usnea (Table 3, Figure 3). A similar pattern was observed for Acari community composition but no difference was found in Pseudocyphellaria. The proportion of epigeic Collembola increased with elevation in Racomitrium. Eudaphic Collembola species disappeared from Racomitrium at high elevation, but not from Polytrichum. The proportion of hemiedaphic Collembola was greater at high elevation (39% ± 5) compared to low sites (21% ± 5). The proportion of Oribatida declined at higher elevation in Racomitrium and a similar trend was found in Usnea (Figure 3D). The proportion of Prostigmata increased with elevation in both Racomitrium and Usnea but not in the other moss and lichen habitats. Mesostigmata were unaffected by elevation in any of the moss and lichen habitats. A small number of species were only observed at one elevation: the Collembola Entomobrya lanuginosa, Setanodosa sp. and Sminthurinus patagonicus were only observed at low elevation while a Friesea sp. was only observed at high elevation (Table 4). No such patterns were observed among the Acari families/groups (Table 5).

Table 3 | ANOVA output (F and P-values) community composition following Bray Curtis comparison of Collembola and Acari composition between low and high elevation for each moss and lichen habitat.


[image: A table comparing the F and P values for Collembola and Acari across different organisms. For Collembola: Polytrichum (F: 2.1, P: 0.080), Racomitrium (F: 6.5, P: 0.001), Pseudocyphellaria (F: 3.3, P: 0.003), Stereocaulon (F: 10.3, P: 0.001), Usnea (F: 0.4, P: 0.748). For Acari: Polytrichum (F: 7.6, P: 0.001), Racomitrium (F: 9.8, P: 0.001), Pseudocyphellaria (F: 1.1, P: 0.438), Stereocaulon (F: 4.8, P: 0.002), Usnea (F: 8.4, P: 0.001).]
Table 4 | Collembola species abundance (ind./g) across different moss and lichen habitat and elevation.


[image: Table displaying the abundance and species richness of Collembola across different lichen and moss habitats (Polythrichum, Racomitrium, Pseudocyphellaria, Stereocaulon, Usnea) at low and high elevations on Navarino Island, Chile. Values represent the mean of ten samples, with standard errors in brackets. Differences between low and high elevations are marked with an asterisk. Some species are absent in certain habitats, indicated by a dash.]
Table 5 | Acari abundance (ind./g) across different moss and lichen habitats and elevation.


[image: Table comparing various arthropod groups across different moss and lichen habitats at two elevations (low and high) on Navarino Island, Chile. Columns include Polythrichum, Racomitrium, Pseudocyphellaria, Stereocaulon, and Usnea, with data on arthropod presence and abundance, taxonomic richness, and spider abundance. Each cell shows mean values with standard error. Symbols denote significant differences between elevations.]
There were significant correlations between microarthropod (group) abundance and habitat WHC and water retention times. However, microarthropod abundance was never positively correlated, as anticipated. In addition, for the moss habitats these correlations resulted from a clear grouping of WHC and retention time between low and high elevation (Supplementary Figures 5–8). Total Acari abundance was negatively related to Stereocaulon WHC (R = -0.546, P = 0.027). Oribatida abundance was negatively related to Stereocaulon water retention time (R = -0.632, P = 0.007). Epigeic Collembola showed a negative correlation with Polytrichum water retention time (R = -0.459, P = 0.042).






Discussion

Explaining and predicting microarthropod abundance and diversity patterns is one of the many challenges in ecology (Hodkinson, 2005). Our data showed that the colder and higher freezing frequency conditions of higher elevation did not consistently affect moss- and lichen-associated microarthropod communities, as hypothesized. Instead, abundance and diversity responses to elevation were dependent on habitat type, as also reported in a study of whole ecosystem change in sub-Arctic landscapes (Bokhorst et al., 2018). However, the community changes, or lack thereof, were also features of different habitats within the high elevation fell-field vegetation, indicating that small spatial scale heterogeneity affects community response within an ecosystem type. This was also apparent at the microarthropod species level, where species losses in one microhabitat at higher elevation were compensated by gains in a different microhabitat, thereby retaining the overall species pool, reflecting the relative roles of the spatial scale and heterogeneity of environmental factors on soil fauna community assembly (Widenfalk et al., 2016). Polar microarthropod community responses to climate change will, therefore, be habitat dependent.




Elevation effect on microarthropod abundance

The high elevation study site was exposed to lower temperatures and a higher frequency of freezing and thawing, also during the summer growing season, which is generally expected to negatively affect the abundance of ectothermic organisms (Sinclair et al., 2003a). However, the studied moss and lichen habitats maintained similar Collembola and Acari population sizes across elevation. This contrasts with patterns observed across elevation in other montane regions, where Acari abundance has been reported to decline with elevation while Collembola abundance increased (Cutz-Pool et al., 2010; Bokhorst et al., 2018; Wu et al., 2023). Such differences may reflect habitat turnover changes across elevation (Cutz-Pool et al., 2010; Wu et al., 2023), substrate quantity and quality (Bokhorst et al., 2018), or differences in climate condition changes with elevation between studies. The current study sites have an annual mean temperature 2-3°C higher than those reported by Bokhorst et al. (2018) and larger microarthropod community differences may occur across greater elevation differences. However, the high frequency of freeze-thaw cycles (227 events at the high elevation site compared to 80 at the low site) are also detrimental for growth and survival (Bale et al., 2001; Sinclair et al., 2003b;  Sinclair and Chown, 2005), and can be sufficient to induce equivalent changes in microarthropod abundance. The studied moss and lichen habitats appear, in most cases, to buffer micro-arthropod abundance patterns against temperature contrasts across elevation gradients, indicating that the population changes reported in other studies may in part result from larger habitat characteristic changes rather than changes in temperature conditions per se.

Micro-arthropod taxonomic richness was often reduced at higher elevation in the sampled habitats, indicating that fewer species were able to survive there, consistent with our prediction as well as reported in other studies of microarthropod communities across elevational gradients (Cutz-Pool et al., 2010; Illig et al., 2010; Bokhorst et al., 2018; Wu et al., 2023). However, total microarthropod diversity was sustained in the high-elevation landscape by the presence of the different moss and lichen species. These patterns may reflect physiological tolerance limits for species survival at this colder site with greater temperature fluctuations resulting in larger microarthropod population variability (Kuznetsova, 2006).





Responses in mosses and lichens

There was no support for our second hypothesis that microarthropod communities would change more among lichens than mosses, as the latter would provide stronger buffering against environmental variability (Stoy et al., 2012). Instead, almost all Collembola and Acari communities differed across elevation, irrespective of moss or lichen habitat. In addition, abundance differences were minimal between habitat types, despite clear differences in potential water status (Table 1), an important factor behind cryptogam-associated micro-arthropod communities (Booth and Usher, 1984; Bokhorst et al., 2015). Microarthropods most likely move across the vegetation mosaic at the high elevation site, from high population densities in favorable habitats to others, and so affect population and diversity patterns. Although, this study presents community data at a single point in time, there were clear habitat-specific microarthropod communities that likely derive from mobility and selection for a suitable habitat. Acari community differences primarily reflected changes in relative abundance instead of taxonomic group turnover between low and high elevation. These Acari community changes with elevation were inconsistent across moss and lichen habitats and the specific taxonomic groups involved, reflecting the context-dependency of Acari response to changes in environmental conditions (Nielsen et al., 2010; Wissuwa et al., 2012; Bokhorst et al., 2017). Collembola community differences between low and high elevation resulted from species losses, especially among the mosses, and turnover at higher elevation. The fruticose lichen Usnea supported only few species, and the Collembola species observed (Entomobrya griseoolivata and Hypogastrura purpurescens) at both elevations are generalist species commonly observed across many environments (Fjellberg, 1998, 2007). These results indicate that habitat type has a potentially strong role in shaping microarthropod community changes across environmental gradients and influences the conclusions that can be derived from such studies.





Community trait response

There was limited support for our third hypothesis, that larger-sized animals would dominate communities at higher elevation except in Racomitrium, where there was a clear increase in community weighted mean length at higher elevation which resulted from the loss of eudaphic Collembola. This community response has been observed in other elevation studies (Cutz-Pool et al., 2010; Bokhorst et al., 2018; Hishi et al., 2024), and most likely reflects a vulnerability of eudaphic species to the colder and more variable montane weather (van Dooremalen et al., 2013; Bokhorst et al., 2018). Interestingly this decline in eudaphic and smaller species was not observed in Polytrichum, possibly suggesting stronger temperature buffering capacity than Racomitrium (Table 1). The lichen habitats did not support eudaphic species to any great extent and, therefore, the associated microarthropod community is already adapted to ‘harsher’ conditions, with greater CWM-length and dominance of surface-dwelling species, irrespective of elevation. Overall, species identity and associated traits can provide insights into community shifts across elevation, but this cannot be easily disentangled from the habitat type under study. Future research should consider species physiological limits and the functional role (biotic and abiotic control) of microhabitats for microarthropods.






Conclusions

Many biotic and abiotic conditions change across elevation gradients (Hodkinson, 2005; Sundqvist et al., 2013), and associated changes in plant community structure and soil properties are underlying factors that shape animal communities, while at the same time making it hard to identify causal links with micro-arthropod patterns. By targeting the same habitat across elevation we attempted here to shed light on potential causal factors for micro-arthropod abundance and community changes across contrasting temperature conditions. Moss and lichen nutrient content was not taken into consideration but, given the isolation from industrial or agricultural activities and absence of bird colonies near the sampling sites that could provide major nutrient inputs (Bokhorst et al., 2019; van der Vegt and Bokhorst, 2024; Zmudczyńska-Skarbek et al., 2024), it is unlikely that this played a role in the observed microarthropod patterns across elevation. Overall, the responses seen appeared highly context-dependent, in that some lichen habitats maintained population levels even under colder conditions, while moss-associated communities appeared more responsive to changes associated with elevation. These differences appear to be driven by the habitat characteristics and the type of organisms associated with each habitat. While elevation gradients can provide useful insights into how ecosystem properties and the contained communities may change, the underlying causes for specific target groups may not always be obvious and care should be taken when extrapolating to other habitats and regions.
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Leopard seals have traditionally been considered Antarctic predators with a Southern Ocean distribution. Historically, sightings north of the Antarctic Polar Front were considered extralimital. However, recent studies suggest a significant presence of leopard seals in subantarctic regions. Here, we assess the spatial occurrence, residency status, and temporal trends of leopard seals in Chile using historical records, stranding reports, standardized monitoring data, photo-identification (photo ID) catalogs, and sightings from four research expeditions. We also characterize glaciers where sightings are concentrated, identifying glaciological and geomorphic attributes that prolong iceberg residency time, which is linked to high leopard seal concentrations. Based on these attributes, we evaluated other potential suitable glacial habitats in Patagonia. We obtained 438 sighting records of leopard seals from 1927 to 2023. Over the last 15 years, we documented a 4-18% annual increase in stranding events reported to national authorities. Most sightings (75%) were concentrated in two hotspots: National Park San Rafael Lagoon, located in Northern Patagonia, and Parry Fjord in Tierra del Fuego. Using photo ID catalogs, we identified 19 resident leopard seals, including 16 multi-year residents observed between 2010-2023 (10 in San Rafael, 6 in Tierra del Fuego) and 3 potential residents (observed multiple months in the same year in Tierra del Fuego). San Rafael monitoring data showed no inter-annual trend, but seasonal trends were observed. We also provide evidence of breeding in Chile, with records of at least 14 pups born and at least two females giving birth in multiple years. Our habitat characterization suggests that calving flux, fjord sinuosity, and fjord width variation are crucial for prolonging iceberg residency in hotspot areas. Based on these attributes, we identified 13 additional fjords in Patagonia as “very likely” suitable for leopard seals. Our study confirms that Patagonia is part of the species’ breeding distribution, shifting the paradigm that leopard seals are merely visitors north of the Antarctic Polar Front. Given the limited number of suitable glaciers in Chile and the potential impacts of climate change, our assessment highlights glacial retreat as a major threat for the ecosystem of this pagophilic marine apex predator in South America.
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1 Introduction

Apex predators significantly affect ecosystem structure and function (Paine, 1980; Estes et al., 2011; Ripple et al., 2014). Changes in their abundance and distribution can trigger trophic cascades, affecting ecosystem-level processes such as prey population dynamics and nutrient cycling (Schmitz et al., 2010; Leo et al., 2019). Moreover, due to their high energetic demands and foraging efficiency, a small number of apex predators can rapidly modify the trophic composition of their habitat (Estes et al., 1998; Williams et al., 2004). Therefore, documenting the occurrence of apex predators, as well as monitoring changes in their populations, are crucial for understanding the trophic dynamics and functionality of ecosystems (Paine, 1980; Estes et al., 2011; Ripple et al., 2014).

Leopard seals (Hydrurga leptonyx, de Blainville, 1820) are one of the most conspicuous apex predators in the Southern Ocean (reviewed in Bester et al., 2017a). The species’ effective population size is estimated at ~24,000 individuals (Bender et al., 2023). They are known to have a broad, generalist diet, including both ectothermic (e.g., krill, cephalopods, fish) and endothermic prey (e.g., seabirds, seals; reviewed in Krause et al., 2020). As Southern Ocean apex predators, leopard seals exert strong top-down control on other Antarctic mesopredators, including Antarctic fur seals (Arctocephalus gazella) and penguin species (Boveng et al., 1998; Forcada et al., 2009; Schwarz et al., 2013; Krause et al., 2022) and are responsible for more predation on endothermic prey than any other pinniped worldwide (Walker et al., 1998; Casaux et al., 2009). For instance, Krause et al. (2022) showed that a small number of leopard seals at Cape Shirreff in the South Shetland Islands has caused the local colony of Antarctic fur seal to collapse. Moreover, leopard seal diet can vary according to life history traits (e.g., sex, age, and mass; Krause et al., 2020; Sperou et al., 2023) and seasonality (Hall-Aspland et al., 2005; Krause et al., 2020) and they also exhibit a high degree of individual behavioral plasticity, employing strategies such as ambush tactics, kleptoparasitism, scavenging, and group prey processing (Krause et al., 2015; Krause and Rogers, 2019; Robbins et al., 2019). Together, their varied diet and behavioral plasticity likely enhances leopard seals’ resilience to changes in prey availability and abundance.

Historically, leopard seals have been described as an Antarctic species predominately found in pack ice habitats around the Southern Ocean (Southwell et al., 2008; Meade et al., 2015; Bester et al., 2017a). In Antarctica, leopard seals are considered a pagophilic species that rely on sea ice for breeding, molting, and resting (Ray, 1970; Jessopp et al., 2004). However, leopard seals have long been observed in subpolar (and even ice-free) habitats across the South Atlantic, South Pacific, and Southern Indian Oceans, (reviewed in Bester et al., 2017b) and extensively observed in Patagonia (both Argentina and Chile; Rodrı́guez et al., 2003; Aguayo-Lobo et al., 2011; Cursach et al., 2011; Acevedo and Martinez, 2013; Acevedo et al., 2017). In Chile, some of the sightings have reached extreme northern latitudes such as the Juan Fernandez Archipelago and Easter Islands (Aguayo-Lobo et al., 2011; Hucke-Gaete et al., 2014; Stewart et al., 2020). Generally, sightings of leopard seals outside of the Southern Ocean have been considered as extralimital and were thought to be rare and/or isolated events.

Recently, research on leopard seals across the southern hemisphere has challenged the notion that leopard seals do not reside north of the Antarctic Polar Front (Hupman et al., 2020). Analyses combining historical records with contemporary sightings from subantarctic locations document the year-round presence of leopard seals in New Zealand, with more than 2,700 leopard seal sightings over the last eight centuries (1200-2018; Hupman et al., 2020). Furthermore, more recent data at both Marion Island—a subantarctic South African island—and South Australia suggest an increase in juvenile leopard seal sightings in the last two decades (Shaughnessy et al., 2023; de Bruyn and Ross, pers. comm.) compared to previous decades (Bester et al., 2006).

Similarly, in Chile, both historical and contemporary data demonstrate a centuries-long presence of leopard seals (Aguayo-Lobo et al., 2011; Torrejón et al., 2013; Stewart et al., 2020). For instance, anthropological evidence indicates that leopard seals have been occasional visitors to Easter Island (~3,500 km off the coast of Chile) since the arrival of Polynesians around 800 CE (Hucke-Gaete et al., 2014; Stewart et al., 2020). On the Chilean coast, a review by Aguayo-Lobo et al. (2011) provided compelling evidence of a nearly century-long periodic presence of leopard seals in Chile, documenting 118 sightings of leopard seals from 1927 to 2010. A later study documented a leopard seal in a Patagonian fjord of the Magallanes region in Chile making use of this location multiple times during five months, indicating potential residency (Acevedo and Martinez, 2013). Furthermore, observations of leopard seals since 2012 include sightings of adult-pup pairs and sexual behavior, indicating that mating and parturition also occur in Chilean waters (van der Linde et al., 2022; Kienle et al., 2024). Although these studies challenge the traditional view of leopard seals as episodic visitors in South America, there have been no systematic multi-year studies to examine occurrence and residency patterns of leopard seals in Chile, nor attempts to characterize their habitat outside Antarctica.

The main objective of this study was to determine the historical and current occurrence of leopard seals in Chile and assess residency patterns of individuals in areas with consistent sightings. We hypothesized that some leopard seals exhibit long-term site fidelity to ice-associated areas in Chile. To test this, we analyzed data from published historical sightings records, government reports, monitoring surveys, citizen science initiatives, and conducted boat-based expeditions to evaluate the spatial and temporal distribution of leopard seals from 1927 to 2023. In addition, we conducted a habitat characterization of leopard seals in Chile along with an assessment of potential habitats for the species across Patagonia. We hypothesized that at least half of the marine-terminating glaciers in Chile possess similar characteristics than those where most leopard seal sightings have been reported and may consist of additional suitable habitat. To test this, we characterized key glaciological and geomorphic attributes of marine-terminating glaciers where leopard seal sightings are most frequent and compared these with all other similar glaciers found throughout Chile. Our study thoroughly documents leopard seal occurrence, residency, and identify their potential habitats in Chile; we provide baseline information on the species distribution that would help to understand the impacts of climate change on this ice-dependent predator.




2 Methods



2.1 Historical sighting records

We conducted a literature review of peer-reviewed publications documenting the presence of leopard seals in Chile through Google Scholar and Web of Science using the following search terms: “leopard seals Chile”, “Hydrurga leptonyx Chile”, “leopard seals South America”, “Hydrurga leptonyx South America”, “leopard seals Patagonia”, “leopard seals Tierra del Fuego”, “leopard seals San Rafael”, and “leopard seals Easter Island” from 2009 to 2023. We completed literature searches in both English and Spanish. We searched for additional peer-reviewed publications and grey literature by reviewing the cited references of each publication. Sightings reported before 2009 were previously reviewed and reported by Aguayo-Lobo et al. (2011). We extracted these sightings from Aguayo-Lobo et al. (2011) with the following consideration: Aguayo-Lobo et al. (2011) added up the recorded number of animals from all sightings to provide a “total number of leopard seals” in Chile. However, their methodology could not determine if the same animals were counted multiple times because seals were not tagged, nor were photo-ID methods used to avoid duplicate counts. Therefore, here we considered every seal from each sighting event as an independent sighting rather than reporting the total number of animals per sighting as did Aguayo-Lobo et al. (2011).

From each publication, we extracted all relevant biological data reported on the individual’s life history (sex, age class, molting status), morphometrics (length), substrate (whether a seal was on land, ice, or in the water), location (name of the location, region, and coordinates transformed to decimal degrees), and date. We cross-referenced all data and identified, when possible, repeated individuals that were reported multiple times within the same publication or between publications. We also included any comment reported with each sighting. All sightings from our literature review and Aguayo-Lobo et al. (2011) are hereafter referred to as “Historical Records”.




2.2 New sighting records

We compiled new sighting records—records that have not been previously reported in peer-reviewed literature—and referred to as “New Records”. These new sighting records include strandings from government reports, monitoring data from San Rafael Lagoon National Park, photo-identification catalogs, and our expeditions.



2.2.1 Stranding data

Marine mammal stranding events in Chile are reported to the National Fisheries and Aquaculture Service of Chile (SERNAPESCA). These stranding events of dead or live animals are reported by citizens. We compiled all leopard seal sighting data publicly available online from SERNAPESCA (Sernapesca, 2023) from 2009 to 2023. SERNAPESCA stranding records up to 2009 were previously reviewed by Aguayo-Lobo et al. (2011).




2.2.2 San Rafael monitoring data

The National Park San Rafael Lagoon (henceforth “San Rafael”) located in the Aysén Region (46°40’0” S, 73°58’0” W) is administered by the National Forestry Corporation (CONAF). It is one of the two areas of Chile where leopard seals are frequently observed. In 2013, CONAF began the first and only systematic leopard seal monitoring program for leopard seals in Chile. Each month, a boat with at least two trained observers surveyed the San Rafael lagoon exclusively searching for leopard seals. They documented the presence/absence of leopard seals throughout the entire lagoon. During boat surveys, observers recorded the following information: total number of leopard seals, geographic coordinates, and substrate (i.e., whether each seal was on ice, land, or in the water). When possible, age class (pup, juvenile, adult) and sex were visually assessed. Photographs were collected opportunistically for each seal whenever possible. Due to weather conditions, monitoring was not consistent over time and in some years, it was not conducted every month. The San Rafael monitoring program has near-monthly occurrence records for leopard seals from January 2013 to March 2020. Monitoring was paused after March 2020 due to the COVID-19 pandemic and restarted irregularly in 2021. For this study, we only included data from the period where standardized monitoring was performed (January 2013 to March 2020).




2.2.3 Leopard seal photo-identification catalogs

Leopard seals have unique spot patterns and distinguishable scars that facilitate individual identification from photographs, a method called photo-identification (Photo ID; Forcada and Robinson, 2006; Hupman et al., 2020; Visser et al., 2022; Grabham et al., 2023). We used the photographic data of two Photo ID regional catalogs for identifying individual leopard seals in Chile. The first catalog was developed as part of a citizen science initiative conducted by CONAF in collaboration with tour operators that visit San Rafael. The second catalog was an initiative of this study, conducted in the Magallanes y Antártica Chilena Region of Chile to identify leopard seals in this region. To create these regional catalogs, photographs of leopard seals were solicited from tour operators, local scientists/conservationists, and the general public.

The San Rafael catalog published by CONAF in 2021 (henceforth “SR catalog”) was created for leopard seals exclusively observed in San Rafael. San Rafael is visited by hundreds of tourists year-round traveling with local tour operators. Thus, this catalog is the result of continuous sightings reported throughout the year and is composed of pictures collected from tour operators and tourists almost every month of the year.

The Tierra del Fuego catalog (henceforth “TF catalog”) was created from leopard seals observed across the southwest portion of Patagonia (between latitudes 48°36´S and 56°30´S and longitudes 66°25´ and 75°40´W). Although most of the sightings are concentrated in the Coastal Marine Protected Area of Multiple Uses (Spanish acronym: AMCP-MU) “Seno Almirantazgo” (Almirantazgo Sound, 54°31’0” S, 69°15’0” W), some of the sightings are outside this geographical area (but still within western Tierra del Fuego) therefore, the entire area is henceforth referred to as “Tierra del Fuego”.

We manually compared each leopard seal photograph to all others in our photographic database and used unique identifying spot patterns and scars to visually determine matches. A match was found when the same individual seal was documented in two or more images (or sets of images). Each image or set of images was visually inspected and manually manipulated if needed to maximize matching success; specifically, we cropped, and rotated each photo, and adjusted the exposure when necessary (Acevedo and Martinez, 2013; Cheeseman et al., 2017). Manual matching was validated by a second expert reviewer and if a disagreement occurred, a third expert reviewer decided. When available, we then extracted the location and dates from the metadata associated with each image and double checked the accuracy of the dates and locations with the photographer or project leaders of the initiatives. In pictures without location data, we estimated the coordinates using the location name provided by the photographer/project leaders. We used photographs to assign sex and age class when it was visually possible. Age class was simplified in three categories (pup, juvenile, adult) and estimated only when it was visually evident (pups: presence of lanugo or next to their mothers; juveniles: with no lanugo, unlikely to be accompanied by a mother, less than 2.0 meters, thin, and with minimum scars; and adults: over 2.5 meters with presence of several scars. Adapted from Laws, 1957; Forcada and Robinson, 2006; Hupman et al., 2020; van der Linde et al., 2022). We assigned each matched seal a unique identification number (Seal ID) and added them to each catalog. We added unmatched seals or leopard seals that did not have any matches to the database if there were high-quality, usable images that would allow for manually matching of the seal in the future as additional images are incorporated into each catalog.

We used the photographs of matched seals to identify resident individuals at each location. We classified a seal as ‘Resident’ if it was observed at least once per year across multiple years. We classified a seal as ‘Potential Resident’ if it was observed multiple months within a single year but not sighted in more than one year, and as ‘Undetermined’ if observers confirmed that the seal was not a match to any of the previously cataloged seals (thus, new to the catalog) and it had only been reported once. We assessed body condition (severe, poor, good, or excellent) of all cataloged individuals (i.e., Resident, Potential Resident and Undetermined) based on the last year with photographs available that included high resolution full-body profiles (following Hupman et al., 2020; see Supplementary Table 1).

In contrast to the systematic monitoring efforts in San Rafael (see Section 2.2.2 above), the remote and isolated characteristics of Tierra del Fuego make monitoring leopard seals extremely difficult. As a result, no standardized monitoring program exists. Furthermore, tour operators visit this location sporadically, mostly during the austral summer. Since 2010 limited expeditions have been conducted every few years by the Wildlife Conservation Society (WCS) to the Almirantazgo Sound, where observers record leopard seal sightings when possible. However, these expeditions, are not comparable to the regular visits of the monitoring program in San Rafael.

The contrasting differences in the accessibility and monitoring efforts between San Rafael and Tierra del Fuego led us to incorporate the catalog sightings data on our sighting database following different criteria. Due to limited records from Tierra del Fuego, we include all sightings reported by both major tour operators and past WCS expeditions. In contrast, because San Rafael has a monitoring program, first we included all the monitoring data in our database and then compared the monitoring photographs with the SR catalog to identify known individuals when possible. Next, we used additional San Rafael sightings from the SR catalog to provide data for months where: (1) CONAF did not perform any monitoring due to weather/logistic constraints; or (2) CONAF monitoring efforts found no leopard seals in a given month but photos from tour operators confirmed the presence of one or more leopard seals from other days of that month. We applied these criteria to San Rafael to avoid including repeated records of the same individual within a month. This criterion was applied only to include records in our overall database as we aimed to ascertain the degree of residency of some of the individuals within each year. However, the additional data extracted from the catalogs was not included in the analysis of seasonal trends of the San Rafael standardized monitoring data (section 3.3).




2.2.4 Expeditions

Here we report new leopard seal sightings data from four recent expeditions in Chile that were targeting leopard seals: two to Tierra del Fuego and two to San Rafael. Chronologically, the first expedition was led by WCS to the Almirantazgo Sound, Tierra del Fuego in November 2021 (henceforth “TF-21”). The next two expeditions were to San Rafael in December 2022 (henceforth “SR-22”) and November 2023 (henceforth “SR-23”). The fourth expedition was to Tierra del Fuego in December 2023 (henceforth “TF-23”). During each expedition, we navigated the area daily and recorded total counts of leopard seals, geographic coordinates, habitat characteristics (i.e., whether the seal was on ice, land, or in the water) and visually assess age class/sex as was done for the catalogs. We identified known individuals from the SR and TF catalogs and our national photographic database when possible. All daily records of leopard seals were added to a compiled table of sightings except when an individual was observed multiple times on the same day.

We compiled the historical and new sightings data and associated metadata in a table of sightings (Supplementary Table 2). To visually assess the distribution of leopard seal sightings across Chile, we used the GPS coordinates for each record or estimated coordinates from Google Earth based on the name of the location provided. We then created a heatmap of all leopard seal sightings in Chile using ArcGIS Pro.





2.3 National and local population trends in leopard seal counts

We evaluated population trends in leopard seals using two datasets. First, we analyzed the 15 years of stranding data to examine temporal trends in the number of leopard seals reported across Chile by evaluating the rate of change of stranding events. We excluded records where the same individual was reported multiple times both temporally and spatially (e.g. same animal observed twice in a week in adjacent beaches). Second, we used the San Rafael standardized monitoring data to identify seasonal and inter-annual leopard seal trends at this location. To accomplish this, we used a model-based approach to generate estimates associated with temporal parameter effects, with confidence intervals based on Monte Carlo (MC) simulations to enhance the robustness of model parameters.



2.3.1 Rate of change of stranding events

We analyzed the rate of change of stranding events reported over time from the stranding data using a generalized linear model with a Poisson distribution. To ensure robust parameter estimation, we employed MC simulation with 10,000 iterations. This allowed us to estimate the uncertainty associated with the expected rate of change of stranding events. Additionally, we applied bias correction and acceleration to the resulting 95% confidence intervals (CI 95%) from the simulated distribution of parameter values to enhance the accuracy of our inferences.




2.3.2 Seasonal and inter-annual population trends in San Rafael

We analyzed seasonal variations in leopard seal counts at San Rafael using generalized additive models (GAMs) to delineate linear and non-linear relationships of seal counts with time. These models incorporated year and month as explanatory variables and the count of observed animals as our response variable. The effect of year was estimated as a linear variable. However, to capture non-linear seasonal monthly trends on the leopard seal counts the effect of month was estimated using a smooth function (penalized regression splines; Wood, 2011). The estimation of smoothing parameters was achieved through restricted maximum likelihood method, using cyclic penalized cubic regression splines as the basis to model cyclic temporal dimensions (Wood, 2017).

To characterize seasonal trends in terms of linear seasonal variations, we computed first derivatives using finite differences method from the predicted count of animals by using grid approximation, accompanied by CI 95% (Makowski et al., 2020). Robustness confidence intervals were estimated via bootstrap resampling using 10,000 MC simulations.

We evaluated inter-annual trends in leopard seal counts in San Rafael using GAMs. We computed the linear and quadratic effect of year on leopard seal counts using non-orthogonal polynomial contrasts, while holding constant the intra-annual seasonal effect estimated using cyclic splines based on the number of months that the monitoring was performed, which vary per year. This approach facilitated the exploration of potential linear and quadratic trends associated with variations in observed animal counts across years. Due to irregular and interrupted monitoring in 2020, we excluded this year from the analysis.

For both stranding and monitoring datasets, all analyses were performed using R (version 4.3.2). GAMs and corresponding model estimates were conducted using the mgcv and modelbased packages (Wood, 2017; Makowski et al., 2020). Complementary R packages were used for data visualization purposes (Wickham, 2016; Lüdecke et al., 2021).





2.4 Glacial habitat characterization

Most leopard seal sightings in Chile involve animals hauling out on icebergs produced by glaciers whose ice fronts are in contact with water (sea or lake), suggesting the importance of marine-terminating glaciers with high iceberg production (Aguayo-Lobo et al., 2011). Patagonia is the region that spans the southernmost tip of South America between ~40° and ~56° S. This territory exhibits the largest number of glaciers on the continent, including the largest icefields of the southern hemisphere outside Antarctica; the so-called Northern and Southern Patagonian Icefields (Soteres et al., 2023). Consequently, we focused our glacial habitat characterization on the glacial basins that produce icebergs in the two areas where leopard seals are most frequently sighted in Patagonia: the San Rafael glacier at San Rafael, and the Parry Fjord glaciers in Tierra del Fuego. In both places, the occurrence and local residence time of icebergs appear to be a critical leopard seals haul out substrate. Our methodological approach involves assessing iceberg production and identifying potential geomorphic traps (i.e., specific landforms and morphometric parameters within the glacial basins and fjords that can prolong the local presence of icebergs; Figure 1).

[image: Panel A shows a satellite image of Bernardo Glacier with moraines, an outwash plain, and nearby terrain. Panel B, from 2017, illustrates the glacier's ice front, icebergs, and ice mélange. Panel C, from 2022, depicts changes with marked ice fronts, fjord dimensions, and average thickness loss. Scale bars indicate distance.]
Figure 1 | Schematic representation of variables used to calculate calving flux, fjord sinuosity, and fjord width in the study glaciers. (A) Satellite image illustrating geomorphic features (outwash plain and moraines) that affect the sinuosity and width of a fjord. Landsat 8 imagery in 2017 (B) and 2022 (C) with vectors used to calculate glacial and geomorphic attributes (list of Landsat 8 images used in ice flux calculation can be found in Supplementary Table 3).

Calving flux is the volume of ice detached from the front of water-terminating glaciers (i.e., marine-terminating and lake-terminating glaciers henceforth “marine-terminating glaciers”) per unit of time and it is considered a key metric to estimate ice loss due iceberg formation (Meier and Post, 1987; Evans et al., 2022). We calculated calving flux for the San Rafael glacier and Parry Fjord glaciers following Meier and Post (1987); see the detailed methodology in the Supplementary Methods in Supplementary Material).

Calving flux account for iceberg production but iceberg residence timing is also partly affected by local geomorphology and morphometry of the fjords, particularly sinuosity (i.e. the degree of linearity of a fjord) and fjord width variations often linked to the presence of glacial landforms within the fjords that could promote iceberg stranding. Therefore, we assessed fjord sinuosity following Vérité et al. (2023); see Supplementary Methods in Supplementary Material for details) and fjord width variations by calculating a ratio between the maximum and minimum width of each glacier (Figure 1; minimum and maximum values used can be found in Supplementary Table 4 in Supplementary Material).

We then produced a simplified geomorphic map that broadly depicts the spatial arrangement of the most prominent landforms of glacial origin, such as moraine ridges and outwash plains, for the San Rafael glacier and the Parry Fjord glacial basins. We analyzed satellite imagery (Figure 1) provided by Google Earth (2016 CNES/SPOT, ~15 m spatial resolution), ESRI Imagery (2017, TerraColor, ~15 m spatial resolution and SPOT, ~2.5 m spatial resolution), and ALOS PALSAR digital elevation models (~12.5 m spatial resolution) to examined basic morphometric attributes and to map local geomorphic features of the San Rafael glacier at San Rafael and Parry Fjord glaciers at Tierra del Fuego using ArcGIS 10.4. We followed the identification criteria used in prior geomorphic maps from Patagonia by Leger et al. (2020); Soteres et al. (2020) and Soteres et al. (2022). Preliminary maps based on remote data were subsequently ground-truthed during expeditions.




2.5 Glacial suitability analysis for leopard seals in Patagonia

We used the glaciological (calving flux) and geomorphic attributes (ice-marginal landforms, fjord sinuosity, and fjord width variations) calculated for the San Rafael and Parry Fjord glaciers as reference values to evaluate the suitability of other glacial basins and fjords as potential habitats for leopard seals across Patagonia. First, we identified marine-terminating glaciers in the region according to the Chilean glacier inventory (DGA, 2022) and checked them visually in recent satellite imagery to assure their ice fronts are still resting on water. We focused our efforts on the major icefields and ice caps in Patagonia, specifically (1) the Northern Patagonian Icefield (NPI; ~46.5-47.5°S), (2) the Southern Patagonian Icefield (SPI; ~48.3-51.5°S), (3) Gran Campo Nevado (GCN; ~52.8°S), (4) Isla Santa Inés (ISI; ~53.8°S), and (5) the Cordillera Darwin Icefield (CDI; ~54.6°S). Second, we calculated the calving flux, fjord sinuosity, and fjord width variations of all marine-terminating glaciers identified following the described methods of the previous section (See also Supplementary Methods and Supplementary Table 4 in Supplementary Material). Third, we calculated the added weighted mean of the normalized values for calving flux, width, and sinuosity for all marine-terminating glaciers, and applied a proportional calculated weighted estimates (CWE) for each parameter (i.e. calving flux, fjord width, and fjord sinuosity) that was determined based on the estimated influence of each parameter over the iceberg retention time in San Rafael and the Parry Fjord Glaciers. Finally, fjords were classified as “very likely,” “likely,” and “less likely” to host leopard seals, based on individual weighted mean values compared to the average weighted mean threshold determined from San Rafael Glacier and Parry Fjord.





3 Results

We documented 438 leopard seal sighting records in Chile from 1927 to 2023 (Supplementary Table 2). Two-thirds of the sightings were new records (66%, n=291), and one-third were historical records (34%, n=147). The new records included: (1) 15 years of SERNAPESCA stranding records (n=44), (2) San Rafael monitoring data (n=88), (3) Photo ID catalogs (n=108; SR catalog: 62 records, TF catalog: 46 records), and (4) expeditions data (n=51; TF-21: 4 records, TF-23: 15 records, SR-22: 12 records, SR-23: 20 records). From these sighting records, we were able to identify at least 41 leopard seal individuals that were observed two or more times.

Most leopard seal sightings (86%) were in Patagonia (between ~40° and ~56° S) where marine-terminating glaciers are found (Figure 2A). Two Patagonian locations accounted for 74% of sightings: San Rafael (15 historical and 183 new records) and Parry Fjord in Tierra del Fuego (63 historical and 63 new records). When substrate was reported for sightings in Patagonia (i.e. if the seal was observed on land, ice, or water), 84% of sightings were animals hauled out on floating ice.

[image: Map showing cetacean sightings along the Chilean coast, including Easter Island and the Juan Fernandez Archipelago. Sightings density is indicated by color, ranging from blue to red. Inset (B) details sightings around Easter Island. Chart (C) shows stranding events from 2009 to 2023 with a trend line. Locations such as San Rafael Lagoon National Park and Tierra del Fuego are highlighted. Scale bars indicate distances.]
Figure 2 | Historical and contemporary leopard seal sightings (gray circles) in Chile. (A) Heatmap of all 438 sightings, including those in Chilean oceanic insular territories (i.e., Juan Fernandez and Easter Island). (B) Map of Easter Island highlighting the northernmost sightings reported for Chile reviewed in Stewart et al. (2020) with some of the geolocations estimated from descriptions. (C) Annual leopard seal stranding events reported to the National Service of Fisheries and Aquaculture of Chile (SERNAPESCA) from 2009 to 2023. Stranding data are publicly available (Sernapesca, 2023). The dashed black line indicates the trend of the stranding data. Map Sources: Esri, DeLorme, HERE, MapmyIndia.

Chile is among the few countries with recorded sightings of leopard seal pups outside Antarctica (van der Linde et al., 2022). The earliest pup record is from 2012 (Acevedo et al., 2017). Here, we documented 14 pups (Tierra del Fuego: 4, San Rafael: 10). Eight of these pup records were reviewed by van der Linde et al. (2022), and six are from our new records (four from the San Rafael monitoring program, two from our expeditions). In Chile, all pup records occurred in Patagonia. Four pups were initially observed alive (one was later found dead), seven were reported dead, and three had no recorded status.

Of the 438 records of leopard seals in Chile, there were 404 confirmed age class records; 75% of these leopard seals were adults and 25% were immature individuals (i.e., pups and juveniles). In Patagonia specifically, there were 352 confirmed age class records; 82% (n = 289) of these leopard seals were adults and 18% (n =63) were immature individuals. In contrast, among the 52 age class records north of Patagonia, only 23% (n =12) were adults, and 77% (n =40) were immature, including the northernmost sightings from Easter Island (Figure 2B; Stewart et al., 2020).



3.1 Temporal trends of stranding data

Leopard seal stranding numbers in Chile are low. There was a mean of two leopard seal strandings per year, with a range from 0-5 leopard seals reported annually between 2013-2019 (Figure 2C). Bias corrected and accelerated intervals from MC samples estimated from simulation-based Poisson regression suggested a 4-18% increase in leopard seal stranding events rate annually; with 99.9% of the density mass of MC outcomes indicating a probability of > 0 and supporting an increase in the number of stranding events of leopard seals over time (Figure 3).

[image: Histogram showing the annual rate of change in stranding events density. The x-axis ranges from 0% to 40%, with most events around 10%. A vertical dashed line marks 0%. Arrows indicate direction: red left, blue right.]
Figure 3 | Probability distribution showing the annual rate of change in stranding events across Chile from Monte Carlo simulations of the Poisson model. The vertical dashed line indicates the null rate of change. The red arrow illustrates the probability of a decrease in stranding events (<0.1% of total Monte Carlo samples), while the blue arrow indicates the probability of an increase (>99.9% of total Monte Carlo samples).




3.2 Resident leopard seals

We reviewed ~2,500 photographs of leopard seals (catalogs and expedition photographs) from the two locations where most sightings were concentrated (i.e., San Rafael and Tierra del Fuego). 19 leopard seals had recurrent sightings over time (Table 1; Figure 4). After cross-referencing all images between San Rafael and Tierra del Fuego, we found no evidence of the same individuals visiting both locations. Both catalogs can be downloaded from the Supplementary Data in Supplementary Material.

Table 1 | Summary of sighting records and biological information compiled from the two catalogs of leopard seals from Chile and our four expeditions.


[image: A table presents data on individual seals, showing catalog name, seal ID, first and last record years, time span recorded, number of years, total months recorded, geographic coordinates, location, age, sex, residency status, and original source. Locations include San Rafael Lagoon and Parry Fjord/Cuevas. The table details residency status as resident, potential resident, or undetermined, with sources like CONAF 2021 and This Study.]
[image: A data chart shows individual IDs of seals tracked from 2009 to 2023 with colorful lines indicating their observations over the years. To the right are two photos of seals lounging on ice, with one seal partially submerged in water and another on the ice. Each image highlights the seals' interaction with their environment within the context of a long-term study.]
Figure 4 | Annual presence of leopard seals in San Rafael (upper panel) from the photo-identification catalogs (until 2020) and expeditions (2021-2023). In the plots, each color represents a unique individual. Dots show years with photographic record of each individual. Colored lines connecting the dots represent the total time span that each seal has been observed. The 2021 sighting of LSR01 is the only data point that is not from the SR catalog or expeditions; the female was validated as the mother of a reported pup by van der Linde et al. (2022). Black unfilled circles show the year adult females were observed with pups. The right panels display photographs of the reported pups during our expeditions (both dead): the upper right picture is female LSR01 from San Rafael with her pup (SR-23), and the lower right picture is female TF13 from Tierra del Fuego with her pup (TF-21). Photo credits: Renato Borras-Chavez.



3.2.1 San Rafael

We reviewed ~1,500 photographs of leopard seals from San Rafael taken from 2009 to 2023. We identified 10 leopard seal individuals with recurrent sightings over time (Table 1; Figure 4; Supplementary Data in Supplementary Material) and classified all 10 individuals as residents. The sex ratio was nearly 1:1, with four females and six males. In years when body condition was assessed, all seals were in excellent body condition (Supplementary Table 1). The longest resident leopard seals were two males (LSR05 and LSR06). LSR05 was observed five different years from 2009-2020, and LSR06 was observed 10 different years from 2012-2023. Females LSR02 and LSR01 each gave birth at least twice (LSR02 in October 2013 and October 2017; LSR01 in October 2021 and October 2023; Figure 4). The only year with multiple pup sightings was in 2019 when two pups were sighted simultaneously but mothers were not identified. Both sightings were reported on the same day (January 14th, 2019) by the same observers. Pup records (n=10) were all reported from mid-October to the end of November (Supplementary Table 2).




3.2.2 Tierra del Fuego

We reviewed ~1,000 photographs from Tierra del Fuego between 2010 and 2023. We identified nine leopard seals with recurrent sightings over time (Table 1; Figure 4; Supplementary Data in Supplementary Material). We identified six residents, three potential residents, and five undetermined individuals. The longest resident recorded was a female (TF01) observed in eight different years over a 14-year period (2010-2023). We identified more females than males at this location (females: 10, males: 4). All seals were in excellent body condition in all years when body condition was assessed (Supplementary Table 2). Female TF01 gave birth in November 2017, and female TF13 gave birth in November 2021 (Figure 4). Pup records (n=4) were all reported between the beginning of October to beginning of December (Supplementary Table 1).





3.3 Standardized monitoring data of San Rafael



3.3.1 Seasonal trends

We analyzed monthly trends on the observed number of seals in San Rafael from 2013 to 2019. The highest number of leopard seals reported during one monitoring day was seven (January 2019). After accounting for between-year differences, we found a non-linear effect (p = 0.003), suggesting seasonal intra-annual variations in the number of leopard seals (Figure 5). Specifically, the non-linear seasonal pattern reveals two distinct intra-annual trends. First, there was a significant tendency of seal counts to decrease from March (Month = 3.2, linear slope β = -0.31, CI95% [-0.67, -0.00]) to May (Month = 5.3, β = -0.29, CI95%[-0.61, -0.01]), with counts likely remaining low throughout the austral winter (Figure 5). Second, we found a significant tendency of seal counts to increase in late August (Month = 8.5, linear slope β = 0.27, CI95%[0.00, 0.55]) to late October (Month = 9.8, β = 0.40, CI95%[0.00, 0.83]). These higher counts persisted through late austral spring (November-December; Figure 5).

[image: Line graph with two sections. Top: Number of individuals observed over time with data points and a trend line. Bottom: Linear effect of month on observations with confidence intervals. Red areas indicate significant effects, blue areas non-significant. Seasons are marked along the x-axis.]
Figure 5 | Seasonal variation and rate of change in leopard seal counts based on San Rafael standardized monitoring data. The upper panel displays the change in leopard seal counts across seasons. The lower panel illustrates the slope of the seasonal rate of change in the predicted number of leopard seals based on the first derivative of the fitted Generalized Additive Model (GAM) shown in the upper panel. In the lower panel, red areas indicate time segments where 95% of the Monte Carlo simulations for the first derivative of the GAM did not include the null effect, indicating a significant linear effect during these periods.




3.3.2 Inter-annual trends

When analyzing the inter-annual trends from the San Rafael monitoring data, we found no significant negative (β = -0.17, CI95% [-0.98, 0.63], p = 0.666) or positive quadratic or linear trends (β = 0.28, CI95% [-0.56, 1.11], p = 0.513) even after accounting for seasonal variations (Figure 6).
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Figure 6 | Inter-annual variations in the San Rafael monitoring data from 2013 to 2019. After accounting for intra-annual (seasonal) variation and based on non-orthogonal polynomial contrasts up to the second order, the fitted model shows no trends in the increase or decrease of individual numbers of leopard seals in San Rafael.





3.4 Glacial habitat characterization

The contrasting characteristics between the San Rafael glacier in the NPI and the glaciers in Parry Fjord in the CDI — particularly the Darwin and Cuevas glaciers — make these locations ideal for identifying characteristics that may define optimal glacial habitats for leopard seals (Figure 7A). Located at the northern (San Rafael) and southern (Parry Fjord glaciers) limits of Patagonia these glaciers experience different climate conditions, glaciological regimes, and topographical features (Sagredo and Lowell, 2012; Sagredo et al., 2014).
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Figure 7 | Characterization of the San Rafael and the Parry Fjord glaciers. (A) Locations of the San Rafael and the Parry Fjord glaciers in Patagonia. (B, C) are simplified geomorphic maps of the San Rafael and Parry Fjord glaciers, respectively. Glaciers flowing towards the main water bodies are outlined based on the Chilean Glacier Inventory (DGA, 2022). Surface glacier velocity is depicted in graded colors, with dark red indicating faster areas and white indicating slower areas of ice motion (Millán et al., 2022).



3.4.1 San Rafael glacier

The San Rafael glacier, flowing westwards from the NPI, is the northernmost marine-terminating glacier in Patagonia (Figure 7B). The local geomorphology features well-preserved arcuate moraine ridges known as “Témpanos” moraines, deposited following successive ice advances during the Holocene (Harrison et al., 2012). Extensive outwash plains extend westwards from these moraines, most likely connecting the Taitao peninsula with the mainland. This landform assembly creates a proglacial basin occupied by the fan-like-shaped San Rafael Lagoon, which receives inflow from the San Rafael glacier and drains into the main fjord through a narrow and shallow channel known as “Canal Témpanos”. Recent geodetic measurements have estimated ice velocity in the glacier front ranging from ~7200 to 6900 m/yr, making it one of the fastest glaciers in the region and, in the middle latitudes of the Southern Hemisphere as well (Mouginot and Rignot, 2015; Millán et al., 2022). First-order estimations revealed that the San Rafael glacier calving flux reached ~2.7 Km3/yr between 2017 and 2022 (Supplementary Table 4). Given the geographic setting of the San Rafael Lagoon, the distance between the glacier front and the Pacific Ocean is relatively short and linear, so the sinuosity is low (0.31; Supplementary Table 4). Furthermore, the drainage width is very narrow, so the change between the width of the proglacial basin and the main fjord is very high (0.86; Supplementary Table 4). In the San Rafael glacier, normalized values of glaciological and geomorphic attributes indicates that changes in fjord width (~52%) and calving flux (~34%) are the major contributing factors to iceberg residence time, while sinuosity (~14%) plays a secondary role.




3.4.2 Parry Fjord glaciers

The Parry Fjord glaciers are part of the CDI located in Tierra del Fuego, southernmost Patagonia. It is composed by two coalescing glacial valleys flooded by the ocean, the Parry fjord to the West and the Seno Cuevas to the East (Figure 7C). The Parry Fjord valley has at least six marine-terminating and one land-terminating glaciers. Satellite-derived ice motion measurements indicate that the marine-terminating glaciers move at velocities ranging from ~200 to 1750 m/yr, whereas the land-terminating glacier reaches velocities of ~30 m/yr (Millán et al., 2022). The Seno Cuevas is drained by only one marine-terminating glacier, the Cuevas glaciers, which reaches maximum velocities of ~1630 m/yr. However, there are several land-terminating glaciers that most likely transitioned from a marine to a terrestrial proglacial environment in the past millennia or centuries (Strelin et al., 2008; Menounos et al., 2020; Reynhout et al., 2021). At the mouth of the Seno Cuevas, we identified the remnants of a moraine ridge closing the fjord (Figure 7C). The Darwin glacier in Parry Fjord and the Cuevas glacier in Seno Cuevas—both locations with the highest record of leopard seals of the region—present the highest calving rate of their respective areas reaching ~0.15 and ~0.13 Km3/yr between 2017 and 2022, respectively. Altogether glaciers of Parry Fjord (glaciers 45 through 51 of Supplementary Table 4) flowing towards the ocean exhibit a combined calving flux of ~0.48 Km3/yr. Sinuosity of the Parry Fjord range from moderate to high (0.55 average; Supplementary Table 4). The average width ratio of local glaciers is very high (0.83) denoting that, geomorphic features such as moraine crest and subaequous bedrock knobs, are frequent in the area (Supplementary Table 4). In Parry Fjord, normalized values of fjord width (~57%) and fjord sinuosity (~35%) indicate that local geomorphology is the key factor for prolonged iceberg residence, while calving flux (~7%) exerts a secondary control on iceberg residence.

Given that leopard seal sighting records have historically been concentrated in San Rafael and Parry Fjord, we utilized the combined normalized values of the analyzed glaciological and geomorphic attributes of these two areas as references to assess the suitability of other fjords in Patagonia as leopard seal potential habitats. We calculated the weighted mean of these attributes for each location; San Rafael and Parry Fjord glaciers (Table 2). With these results, we hypothesized that calving flux, fjord sinuosity and fjord width ratio all contribute to increase iceberg residence time and, consequently, higher chances of being visited/inhabited by leopard seals.

Table 2 | Normalized glaciological and geomorphic attributes of marine-terminating glaciers in Patagonia (calving flux, fjord sinuosity, and width ratio).


[image: Table listing glaciers from various icefields in Patagonia with columns for Fjord ID, Glacier ID, Glacier Name, Normalized Calving Flux, Fjord Sinuosity, Width Average, and Weighted Mean. Glaciers highlighted in bold were used to define Calculated Proportional Weighted Estimates (CWE) for these factors. Some fjords have multiple glaciers. The table includes statistics: Max, Min, Mean, and Standard Deviation. Glaciers marked with an asterisk indicate expanding glaciers.]
When considering the normalized values of glaciological and geomorphic attributes at both San Rafael and Parry Fjord together, the width ratio emerged as the primary factor contributing to prolonged iceberg residence at both locations, accounting for 50% of the observed variance. In contrast, calving flux played a more significant role in San Rafael (34%) compared to Parry Fjord (7%), while sinuosity was less influential in San Rafael (14%) but contributed considerably more in Parry Fjord (35%). Therefore, when evaluating other suitable fjords in Chile (discussed in section 3.5) we assigned a Calculated Proportional Weighted Estimate (CWE) to each calculated weighted mean of all fjords of 0.5 to width and 0.2 and 0.3 to calving flux and sinuosity respectively (Table 2).





3.5 Glacial suitability analysis for leopard seal in Patagonia

According to the Chilean Glacier Inventory (DGA, 2022), we identified 59 marine-terminating glaciers grouped within 27 fjords along the Pacific coast of Patagonia (Figure 8). In recent years, the surface area of these glaciers has receded at varying rates, ranging from 0.63 km²/yr at Jorge Montt Glacier to nearly 0 km²/yr at an unnamed minor glacier in the Parry Fjord (Supplementary Table 4). Exceptionally, the Europa Glacier has expanded by 0.20 km² between 2018 and 2021. Individually, Jorge Montt Glacier exhibits the highest calving flux in Patagonia, reaching 4.61 km³/yr, followed by San Rafael Glacier at 2.69 km³/yr, Pinguino Glacier at 1.47 km³/yr, and Europa Glacier at 1.35 km³/yr (Supplementary Table 4). All these glaciers exceed the regional average calving flux of 0.29 km³/yr.
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Figure 8 | Fjords hosting marine-terminating glaciers of Patagonia. The figure displays pie charts corresponding to the fjord IDs listed in Table 2. The color and size of each pie chart indicate the likelihood of the site to host leopard seals; fjords were categorized as “very likely” when their weighted mean was equal or above 0.39, and “likely” or “less likely” between 0.38 and 0.30 and less than 0.29, respectively. Within the pie charts, different colors represent the contributions of calving flux (blue), fjord width ratio (grey), and fjord sinuosity (orange) to the potential of each glacier as habitat for leopard seals.

Despite the geographical complexity of the Patagonian archipelago, regional fjords generally show low sinuosity, ranging from 0.16 to 0.99, with a mean of 0.34 (Supplementary Table 4). Many fjords exhibit geomorphic features, such as moraines and outwash plains, that create “geomorphic traps” enhancing iceberg residence time. The width ratios of these fjords vary from 0.23 to 0.96, with a mean of 0.68 (Supplementary Table 4). The normalized weighted mean of glaciological and geomorphic attributes in Patagonian fjords, aligned with values calculated for the San Rafael Glacier and those hosted in Parry Fjord, ranges from 0.62 to 0.11, averaging 0.39 (Table 2). Fjords were classified as “very likely,” “likely,” and “less likely” to host leopard seals if their weighted means were equal to or above 0.39, between 0.38 and 0.30, and below 0.29, respectively (Figure 8 and Table 2).

From 27 fjords encompassing all 59 marine-terminating glaciers, we found 13 fjords—in addition to San Rafael and Parry Fjord— with potential long-lasting iceberg residence and therefore classified as “very likely” suitable for leopard seals (Figure 8; see values in Table 2). In the SPI, Bernardo (fjord ID 3; 0.39) and the fjord hosting the HPS27, HPS28 and HPS29 (fjord ID 9; 0.57). To the south, in the GCN, the S/N glacier (fjord ID 14; 0.39) and the Snoring and Sarmiento de Gamboa glaciers in the ISI (fjord ID 15; 0.49 and fjord ID 16; 0.53, respectively). In the CDI at Tierra del Fuego, the Agostini Fjord (fjord ID 18; 0.48), Relander glacier and two glaciers without name (fjord ID 19; 0.52), Italia glacier (fjord ID 22 C. Beagle; 0.42), Pía Fjord (fjord ID 23; 0.43 and 24; 0.45), Torcido Fjord (fjord ID 25; 0.58), Garibaldi Fjord (fjord ID 26; 0.54), Grande glacier (27; 0.55). 4 fjords were classified as “likely” habitats for leopard seals: the Jorge Montt glacier (fjord ID 2; 0.34), Pingüino Fjord (fjord ID 7; 0.30), HPS30 Fjord (fjord ID 10; 0.38), and S/N Glacier in the South Patagonian Icefield (fjord ID 17; 0.36).





4 Discussion

Leopard seals have been observed across most regions of Chile: from Easter Island in the north/west to Tierra del Fuego in the south. Aguayo-Lobo et al. (2011) first compiled historical records of leopard seals to show that this species is a regular member of the marine fauna of southern Chile. Then, Acevedo and Martinez (2013) provided the first evidence of a potential multi-month resident leopard seal individual in Tierra del Fuego. Both studies hypothesized the existence of resident aggregations of leopard seals in Patagonia. Here, we provide evidence to support this hypothesis through multiyear observations of the same leopard seal individuals. Specifically, we confirmed two distinct resident aggregations of leopard seals in Chile: one in San Rafael and one in Parry Fjord. There was no evidence that the same individuals were at both sites. Our results also show that these resident aggregations in Patagonia have existed for decades at least.

We documented an increase in pups and stranding events reported over the past 10-15 years in Chile (van der Linde et al., 2022; this study). Together, these pup records, as well as recent observations of leopard seal sexual behavior in San Rafael (Kienle et al., 2024), show that breeding is not limited to Antarctic pack ice as previously suggested (Bester et al., 2017a). Therefore, Patagonia should be considered as an integral part of the species breeding distribution range rather than continuing to report leopard seal sightings as occasional or extralimital.



4.1 Leopard seal distribution north from the Antarctic Polar Front

Leopard seal sightings have increased in Chile and other areas north of the Antarctic Polar Front. Our study reports 438 sightings in Chile, with 86% of sightings concentrated in Patagonia. When we correct and transform Aguayo-Lobo et al. (2011) “total animals reported” to individual sightings (118 records), we found a 271% increase in sightings from 2009-2023 compared to pre-2009 (Aguayo-Lobo et al., 2011). Similarly, Hupman et al. (2020) documented an increase in leopard seal sightings in New Zealand, from 19 records in 2000 to 781 records in 2018. Systematic monitoring at Marion Island also suggests an increase in leopard seals, from 19 immature animals reported over 25 years (1980-2005; Bester et al. (2006) to almost double over the last 15 years (2005-2020; De Bruyn and Ross, pers. comm.). Increasing numbers have also been reported in South Australia with a rate of 1.2 seals per year between 1979-2009 to 2.8 seals per year between 2017-2022 (Shaughnessy et al., 2023). The increase in leopard seal sightings north of the Polar Front may be driven by a shift in distribution patterns, with more seals potentially crossing the Antarctic Convergence and/or an increase in their abundance in subantarctic areas.

The origin of leopard seals north of the Polar Front has been widely discussed (reviewed in Bester, 2021; Stewart et al., 2020). For example, early reports for the Indian Ocean and Australasian sub-Antarctic waters suggested that leopard seals migrate north during the winter expansion of Antarctic pack ice (Rounsevell and Eberhard, 1980; Bester and Roux, 1986; Bester et al., 1995). Similarly, in Chile, researchers have suggested that leopard seals potentially migrate from the Western Antarctic Peninsula (WAP) as sea ice expands northward (Stewart et al., 2020). While leopard seals can travel long distances equivalent to those separating southern Chile and the WAP (~1,000 km; tagged leopard seals in the WAP are capable of travelling more than 1,500 km, Kienle et al., 2022; Staniland et al., 2018), most instrumented seals from Antarctica showed movement patterns restricted to a few hundred kilometers (Rogers et al., 2005; Kienle et al., 2022). In addition, consistent multi-year/multi-month observations of resident leopard seals in Patagonia (this study), along with increasing reports of newborns in subantarctic areas (van der Linde et al., 2022; this study), support the hypothesis that there are local resident aggregations of leopard seals in some subpolar locations (Aguayo-Lobo et al., 2011; Acevedo and Martinez, 2013).

Historically, leopard seals found north of the Polar Front were described as being in poor condition and usually as immature individuals (Siniff and Stone, 1985; Rounsevell and Pemberton, 1994; Bester et al., 2006). For instance, juvenile leopard seals have been reported in large numbers at Macquarie Island every 4-5 years, likely due to a northward winter dispersal in response to conditions in the pack ice to the south (Testa et al., 1991). Here, however, resident leopard seals in both San Rafael and Tierra del Fuego were in excellent body condition, and most seals from Patagonia (82%) were adults with only a few (18%) immature individuals. Similarly, in New Zealand, leopard seals were predominantly adults in good to excellent body condition (Hupman et al., 2020). The presence of adults in good body condition regularly observed north of the Polar Front indicates that Patagonia, and potentially New Zealand, provide secure habitats and abundant resources necessary for leopard seals to thrive.

Furthermore, Rounsevell and Pemberton (1994) hypothesized that the number of immature leopard seals increases with decreasing latitude. Like previous studies, we also identified changes in leopard seal age class across Chile. North of San Rafael in Chile, leopard seal sightings are mostly of immature individuals (82%). Sightings of these immature individuals that included mentions of their health status showed that 74% of these leopard seals were in suboptimal condition (out of 19 records, 14 were reported either poor, emaciated, injured, or dead). Similarly, in South Australia most leopard seal sightings are of juvenile animals reported in fair/thin body conditions (Shaughnessy et al., 2023). Further, the cyclical increase in leopard seals at Macquarie Island are mostly the result of immature individuals dispersing north, likely driven by poor environmental conditions (Testa et al., 1991). Our data therefore support the hypothesis that age class is correlated with latitude, but we found that, in Chile, this pattern starts much further north of the Polar Front than proposed in other locations (Rounsevell and Pemberton, 1994; Testa et al., 1991; van den Hoff et al., 2005; Bester et al., 2006).




4.2 Long term temporal trends in Chile

It is arguable whether leopard seal aggregations have increased or remained stable in San Rafael and Tierra del Fuego. In San Rafael, the first official historical record of leopard seals was of three individuals in 1979 (Torres et al., 1979; reviewed in Aguayo-Lobo et al., 2011). Afterwards, there was a 30-year absence of records (1979-2009) where no sightings were reported from San Rafael. Now, at least 10 unique leopard seals have been identified from >195 sighting records. Although this could suggest a potential local increase of leopard seals in San Rafael, the San Rafael monitoring data have shown a stable leopard seal aggregation, with no major increase in seal counts between 2013-2019 (Figure 6). This leads us to call for caution when interpreting sightings data. The lack of pre-2009 records in San Rafael may have been due to a reduced number of private tour companies operating before 2013, leading to no sightings reported during this time, rather than a true absence of leopard seals.

Similarly in Parry Fjord, only nine records of leopard seals existed before 2010 (Aguayo-Lobo et al., 2011) compared to >55 new sighting records after 2010. Moreover, at Parry Fjord, tour operators report that not observing leopard seals during their visits is rare (Moreno, pers. comm.). Like San Rafael, the recent increase in sightings in Parry Fjord may also reflect the rise of the tourism industry, leading to more people visiting the area. However, leopard seal aggregations have been reported there since 1971 (Markham, 1971; n=4) with numbers similar to our most recent expedition in the area (TF-23; n=6), suggesting that numbers may be at least stable at this location.

The overall stranding data did show a positive annual rate of change within the last two decades in Chile (Figure 3). This data indicates an overall increase in the number of leopard seals inhabiting Chile in the last 15 years. Stranding reports are more reliable than sighting records as they do not require photographic validation and are often verified by trained personnel. An increase in leopard seal numbers along the Chilean coast aligns with the expanding distribution and reappearance of other pinnipeds on the Pacific coast after centuries of exploitation. For example, southern elephant seals are recolonizing the eastern South Pacific where they were heavily depleted during the sealing era (Acevedo et al., 2016, 2019). As in our study, Cárcamo et al. (2019) showed an increase in elephant seal sighting records along the coast of Chile. Additionally, South American fur seals (Arctocephalus australis) and South American sea lions (Otaria flavescens) populations are increasing in key breeding areas of South America, including Chile (Rodrigues et al., 2018; Milano et al., 2020; Sepúlveda et al., 2021).




4.3 San Rafael: a unique case study

The leopard seals at San Rafael may constitute an isolated population from other aggregations found in Chile. There are ten resident leopard seals at this location. Eight seals have been continuously observed over the last ten years, and only two new individuals (LSR09 and LSR10) were reported in recent years (2019-2020). In addition, our two most recent expeditions to San Rafael did not find new seals beyond those already reported. In contrast, we continuously obtain sighting reports of new individuals at Parry Fjord. For instance, our latest ten day expedition (TF-23) found four new individuals never reported before. We have also found consistency in the seasonality of individuals from San Rafael, stressing their resident nature. There is a seasonal trend, with numbers tending to decrease during the austral autumn (march–may) and increasing during the austral spring (August–October). The slight tendency of higher number of seals during the spring aligns with the hypothesized breeding season for the species in locations where residents are found (between September-November; van der Linde et al., 2022). Specifically, 8 of 10 pups of San Rafael were recorded between mid-October and early December with two resident females giving birth in San Rafael at least twice (LSR01 and LSR02). Moreover, evidence of mating behavior has been recently reported in San Rafael (Kienle et al., 2024). The temporal overlap among individuals in San Rafael, the lack of evidence of transient individuals, and the consistency in annual life history cyclic patterns such as reproduction, suggest that the seals living in San Rafael and nearby areas may be isolated from the rest of Patagonia.

During the Last Glacial Maximum (globally around 26-19 kya), the abundance of leopard seals in Antarctic increased likely driven by the abundance of ice (Bender et al., 2023). Similarly, the Patagonian ice sheet also expanded, covering much of southern Andes of Chile and Argentina; this was followed by a progressive fragmentation of the Patagonian ice sheet into today’s multiple ice caps (Davies et al., 2020). The NPI separated from the SPI around 12.6-11.3 kya (Thorndycraft et al., 2019; Vásquez et al., 2022), isolating the NPI where the San Rafael Lagoon formed sometime after ~9.5 kya (Harrison et al., 2012). Furthermore, the San Rafael glacier constitutes the only marine-terminating glacier in the NPI. The nearest glacier, Jorge Montt Glacier, is not easily accessible from San Rafael. Leopard seals would need to swim ~630 km to reach the Jorge Montt Glacier. While leopard seals can travel long distances (Staniland et al., 2018), most tend to remain close to their origin (Rogers et al., 2005; Kienle et al., 2022). Altogether, this support the idea that leopard seals of the NPI may have been isolated during the separation of the NPI from the SPI with the San Rafael glacier being today’s only glacier producing icebergs in the region.

The potentially isolated leopard seal population of the NPI was then severely decimated by the sealing industry during the 18th and 19th centuries, likely causing a local demographic reduction. The peak sealing period in the mid-19th century focused on southern sea lions also included southern elephant seals and leopard seals (Torrejón et al., 2013). Historical accounts indicate a significant reduction of all pinniped species by the end of the 19th century, including leopard seals. The navy captain E. Simpson mentioned “(…) there was another seal larger than southern sea lions but smaller than elephant seals called leopards due to their spot patterns, and they have also disappeared from the region” (Simpson, 1875). The progressive fragmentation of the Patagonian Ice Sheet after the Last Glacial Maximum, as well as the significant reduction of leopard seals during the sealing era, supports our hypothesis of a potential isolated leopard seal aggregation in San Rafael with little flux of new animals—at least— in the last decades. Genetic analyses are needed to assess inbreeding levels in San Rafael and compare the genetic make-up of these animals to other aggregations in Chile and elsewhere. These assessments will help clarify the history of this population and levels of past and contemporary gene flow among leopard seal aggregations.




4.4 Identifying potential habitats for leopard seals in Chile

Based on our characterization of the San Rafael and Parry Fjord glaciers, we find that fjord width ratio, which accounts for geomorphic traps (e.g., moraine ridges, outwash plains), is key to controlling residence of local icebergs (the most important substrate for leopard seals in Chile). Our simplified calving flux estimation for the San Rafael glacier (~2.7 km³/yr) in the NPI and the Darwin and Cuevas glaciers (0.15 and 0.13 km³/yr) in the CDI aligns with previous estimates of the same glaciers in the last decades (Koppes et al., 2011; Melkonian et al., 2013). More broadly, our regional calving flux estimation is consistent with previous estimates for Patagonian marine-terminating glaciers (Koppes et al., 2011; Melkonian et al., 2013; Schaefer et al., 2015). The minor differences observed between our values and those from the studies mentioned, may be explained by the challenges in outlining glacier ice fronts due to the lack of cloud-free satellite imagery and ice mélange (i.e., mixture of icebergs, sea-ice and snow) in the ice front. More important, glaciological parameters database assume uncertainties of ~30% in ice velocity estimations, and 25-35% for ice thicker than 100 m and >50% for thinner ice (Millán et al., 2022). Thus, we suggest that our calving flux assessments can be considered as a qualitative indicator.

Geomorphic attributes are crucial for iceberg retention at regional scale. Patagonian marine-terminating glaciers and fjords in the NPI and SPI show higher contributions from calving flux, while southern ice masses (GCN, ISI, and CDI) are more influenced by morphometric attributes and the existence of landforms closing fjords. However, winter sea ice formation in several fjords of CDI, including Marinelli and Parry Fjords (Salame et al., 2020), may compensate for limited calving flux.

Our habitat model aligns well with the leopard seal sighting records, thereby suggesting additional fjords and glaciers across Patagonia that should be explored in search of leopard seals. While most sighting records are concentrated in San Rafael and Parry Fjord, other locations are consistent with fjords predicted by our model as “very likely” suitable habitats. We identified 13 additional fjords in Patagonia (out of 27 fjords that included 59 glaciers in total) as “very likely” suitable habitats for leopard seal with many of them matching areas where leopard seals have also been reported. For instance, Agostini Fjord and Ballena Sound (fjords 18 and 15 in Figure 8) are both identified as very likely suitable habitats for leopard seals, and the historic records show that each location has had 11 leopard seal sighting records, including multiyear records (Aguayo-Lobo et al., 2011; Acevedo and Martinez, 2013, and this study). Similarly, Pia Sound (4 reported sightings near fjords 23 and 24), Helado Sound (2 sightings near Sarmiento Glacier, fjord 16), and the Beagle Channel (1 sighting near Italia Glacier, fjord 22) were all classified as “very likely” habitats for leopard seals.

Because of the challenges in identifying Patagonian glaciers, the 59 marine-terminating glaciers evaluated should be considered a minimum number of iceberg-prone glaciers existing in Patagonia. Overall, intense calving flux, accounting for iceberg production, and the existence of geomorphic landforms in the fjords—particularly moraines and outwash plains that create iceberg traps—are critical factors when suitable habitats for leopard seals are evaluated in Patagonia. Furthermore, other factors such as prey availability also play an important role defining suitable location for leopard seals, however, resources availability seems not to be a problem in Patagonia (Aguayo-Lobo et al., 2011; Friedlander et al., 2021; Castilla et al., 2023). The fact that 76% of sighting records were on icebergs, and the consistent match between our predicted suitable fjords and historical sighting locations, support the idea that iceberg availability and residency are crucial variables for evaluating suitable habitats for leopard seals in the Chilean fjords.




4.5 The role of leopard seals as apex predators

Apex predator populations are rapidly changing in response to widespread environmental changes (Roff et al., 2018). Their presence or absence can lead to significant restructuring of ecosystems (e.g., Wilmers and Post, 2006; Knopff et al., 2014; Jonsen et al., 2019). Introducing new predators often results in a redistribution and potential shift in local food web structures (Johnson et al., 2007; Letnic et al., 2009; Sherman et al., 2020), while the suppression of apex predators can trigger ecosystem restructuring through various ecophysiological pathways (e.g. Leo et al., 2019; Hammerschlag et al., 2022). This highlights the importance of monitoring the distribution of apex predators such as leopard seals.

We document the long-term presence of 10 resident leopard seals in San Rafael and 6-9 in Tierra del Fuego. While these numbers may seem low, small numbers of apex predators can significantly impact prey species abundance (Williams et al., 2004; Krause et al., 2022). For instance, fewer than 40 killer whales may be responsible of the decline of the Steller sea lion (Eumetopias jubatus) population in the Aleutian Islands and a pod of only five individuals could account for the regional decline of sea otters (Williams et al., 2004). Leopard seals are effective and efficient apex predators (Hiruki et al., 1999; Krause et al., 2015) and cause drastic reductions in their prey populations (Forcada et al., 2009). At Cape Shirreff in the WAP, leopard seals consumed on average 2.5 Antarctic fur seal pups per day during the 2004-2005 breeding season (Vera et al., 2004). The annual predation rate over Antarctic fur seal pups increased from 7.1% to 73.8% between 2002-2020, with a mean predation rate of nearly 70% annually since 2010. The average maximum number of leopard seals responsible for this high predation rate was only 20 individuals per year between 2011 and 2020 with this small average number contributing to the local population collapse of Antarctic fur seals at Cape Shirreff (Krause et al., 2022). This highlights the importance of monitoring occurrence of apex predators and distinguishing resident from transient individuals (movement patterns) to help predict changes in prey abundance and local food web dynamics (Andrews and Harvey, 2013).

We provide baseline data on the historical resilience of leopard seals in Patagonia. However, assessing the short- and long-term ecological role of leopard seals in these ecosystems is critical and requires information on their movement patterns, diet, and local behavioral flexibility. Our results confirmed that leopard seals are a permanent component of the food web in Patagonian ecosystems and enhanced our understanding of leopard seal ecology by providing evidence of their distribution and residency beyond Antarctica.




4.6 Conclusions

We present evidence that multiple resident leopard seal aggregations exist in Chile and confirm that their breeding distribution is not limited to Antarctic pack ice (Bester et al., 2017a). Specifically, we show long-term residence of leopard seals in two locations of Patagonia (San Rafael and Parry Fjord), evidenced by multiyear observations of adults. Additionally, we report an increase in stranding events and newborn sightings over the last 15 years, suggesting an overall growing population in Chile. Although the origin of these animals remains unknown, continued monitoring of leopard seals, particularly of newborn and juvenile animals, is essential, as including reproductive success in species distribution models can lead to more accurate predictions of population growth (Chuine and Beaubien, 2001).

Global warming is rapidly impacting the cryosphere (Schneider et al., 2020) especially in Patagonia, where marine-terminating glaciers are increasingly transitioning to land-terminating glaciers (Dussaillant et al., 2019). Consequently, this will cause a decrease in the number of potential habitats for leopard seals and likely impact their distribution. For instance, cyclical increases of juvenile leopard seal numbers in locations north of the Polar Front— likely due to changes in sea ice extent in the south—is an example of how the absence of sea ice may influence the dispersal of these animals (Testa et al., 1991). Similarly, climate change driven responses are already shaping the distribution of other pagophilic apex predators such as polar bears in the Arctic (Wiig et al., 2008; Sahanatien and Derocher, 2012). Future studies should conduct comprehensive habitat suitability analyses combining oceanographic variables, iceberg characteristics, local prey availability, and species movement patterns to assess the impact of climate change on ice-dependent apex predators’ occurrence and distribution.
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Metazoans comprise multiple physical niches (“microenvironments”), each colonized by unique microbiomes that contribute to their hosts’ evolutionary dynamics, influencing their health, physiology, and adaptation to changing environments. Most wildlife microbiome studies focus on higher metazoans and multiple host microenvironments, while studies of lower species often concentrate on a single microenvironment, sometimes pooling whole bodies or specimens. This is particularly evident in small-sized animals, such as freshwater meiofaunal invertebrates, thus impeding a holistic understanding of microbiome assembly across host microenvironments and its relation with host population genetics. Leveraging the anostracan fairy shrimp Branchinecta, which has easily discernible organs and expected high levels of intraspecific genetic divergence, we aimed to investigate the microbiome assembly processes and test the phylosymbiosis signal in two microenvironments (gill and intestine) across four host populations of Branchinecta gaini within Maritime Antarctica, using 16S rRNA metabarcoding. Our results showed that the gill and intestine harbor strikingly different microbiomes resulting from the B. gaini ecological filtering of the surrounding environment microbial community. Both microenvironments exhibit their respective core microbiomes, yet the gill’s core microbiome is narrower and constitutes a smaller proportion of the overall bacterial community compared to that of the intestine. Within each host population (i.e. each sampling site), the microbiome assembles through distinct eco-evolutionary processes in both microenvironments, mostly stochastically (ecological drift) in the gill and deterministically (variable selection) in the intestine. Across different B. gaini populations, variable selection dominates in driving compositional divergence of both microenvironment microbiomes, although to a lesser extent in the gill. Lastly, our study reveals robust correlation between host intraspecific genetic structure and intestine microbiome composition, providing evidence of phylosymbiosis in anostracans. Contrastingly, phylosymbiosis was less pronounced in the gill microbiome. We discuss the potential differences in ecological filtering between each host microenvironment that may underlie the difference in the strength of phylosymbiosis. Our study highlights the relevance of considering host microenvironment and intraspecific levels in testing the phylosymbiosis hypothesis to better understand the intricate eco-evolutionary relationships between hosts and their microbiomes.
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1 Introduction

Most macroorganisms exist in close association with diverse microbial partners, colonizing various physical niches provided by their hosts, thereby conforming what is termed metaorganisms (McFall-Ngai et al., 2013; Ludington, 2024). The variability in microbiome composition and function across different body parts has been linked to various facets of the host ecology (Zilber-Rosenberg and Rosenberg, 2008; Alberdi et al., 2022; Ludington, 2024). An iconic example is the human body, where each organ constitutes a distinct ecological niche that hosts a unique microbiome carrying out specific functions essential for host health (Costello et al., 2009; Dekaboruah et al., 2020). However, most of the animal-associated microbiome studies remain confined to compositional description of single-body sites (Rosenberg and Zilber-Rosenberg, 2018; Woodhams et al., 2020; Wang et al., 2023). Considering various body sites within the same host is necessary to gain a holistic understanding of the eco-evolutionary processes driving microbiome assembly (Stegen et al., 2013; Zhou and Ning, 2017). One of these eco-evolutionary processes is the contribution of the host evolution to microbiome assembly. Indeed, the intimate and prolonged ecological interdependency of hosts and their microbiomes can result in continuous mutual adaptation, also known as co-evolution (Wilson and Duncan, 2015; Rosenberg and Zilber-Rosenberg, 2018; Hayward et al., 2021; Mazel et al., 2023). Co-evolution can leave a phylogenetic footprint of the host in the microbiome composition, meaning that closely related host species exhibit more similar microbiomes, which is known as phylosymbiosis (Bordenstein and Theis, 2015; Brooks et al., 2016; Groussin et al., 2020). Although the detection of phylosymbiosis signature does not explicitly underpin a common evolutionary history between hosts and their microbiomes (Moran and Sloan, 2015; Mazel et al., 2018; Mallott and Amato, 2021), it constitutes a relevant hypothesis to delve into the eco-evolutionary mechanisms that shape metaorganisms-associated microbiome (Lim and Bordenstein, 2020; Mazel et al., 2023; Mallott, 2024).

Phylosymbiosis has been extensively tested across a biased fraction of metazoan species (Woodhams et al., 2020; Mazel et al., 2023), primarily vertebrates, including mammals (Groussin et al., 2017; Moeller et al., 2017; Youngblut et al., 2019) and fishes (Doane et al., 2020; Pan et al., 2023; Sadeghi et al., 2023; Schwob et al., 2024a), and to a lesser extent in invertebrates, like insects (Qin et al., 2023), sponges and corals (Pollock et al., 2018; O’Brien et al., 2020; Pankey et al., 2022). Despite a growing body of research, the universality of phylosymbiosis still remains to be fully tackled (Mazel et al., 2018; Lim and Bordenstein, 2020). The frequency and magnitude of phylosymbiosis appear to be inconsistent among taxonomic groups (Lim and Bordenstein, 2020), being relatively common and strong across mammals (Mallott and Amato, 2021), while looser in other vertebrates, such as birds (Trevelline et al., 2020; Bodawatta et al., 2022), and even absent in most (though not all) of the terrestrial and aquatic invertebrates studied (Hammer et al., 2019; Huot et al., 2019; Eckert et al., 2021; Boscaro et al., 2022; Eckert et al., 2022). Consequently, general conclusions about the underlying mechanisms of phylosymbiosis may be skewed by the restricted range of investigated models (Hammer et al., 2019), emphasizing the need to consider understudied species (Leasi et al., 2023). Some authors suggested that the phylosymbiosis signal might be obscured by extended divergence time among studied species (Groussin et al., 2017; Kohl et al., 2018; Ross et al., 2018), as well as by taxonomically rich microbiomes (Mallott and Amato, 2021), which contain a relatively high proportion of transient microorganisms (Ross et al., 2018). Conversely, the phylosymbiosis signal seems to be more frequent in internal rather than external host body sites (Moran et al., 2019). Moreover, considering the intraspecific variability of hosts offers an essential, yet often overlooked, resolution level for generalizing conclusions about the consistency of phylosymbiosis across taxonomic resolution and understanding how intraspecific host genetic variation associates with microbiome variation (Mazel et al., 2018; Couch and Epps, 2022). To the best of our knowledge, no study combines intraspecific resolution and multiple body microenvironments to test the eco-evolutionary processes in general, and phylosymbiosis in particular.

Characterizing the microbiome assembly across multiple body sites can be challenging, particularly in small-sized animals. To date, the microbiome of meiofaunal freshwater invertebrates like copepod and cladoceran has only been investigated at the whole individual-scale. These invertebrates host a specific microbiome discernable from the surrounding water microbiome (Samad et al., 2020), confirming the host-driven ecological filtering (Mazel et al., 2018). In Daphnia (Anamopoda), specific bacteria were consistently associated with geographically and genetically separated host populations, suggesting a stable “core microbiome” shaped by host-microbiome interactions (Qi et al., 2009; Guivier et al., 2018). Additionally, the gut microbiome of Daphnia magna is shaped by host genotype and enhances host fitness by providing essential nutrients (Cooper and Cressler, 2020; Macke et al., 2020; Motiei et al., 2020). In the branchiopod genus Artemia (Anostraca), host species has been identified as a key determinant of microbiome composition. The Artemia microbiome influences host tolerance to low salinity, thereby potentially contributing to its evolutionary trajectory (Nougué et al., 2015; Lee et al., 2024). Despite the ecological significance of branchiopoda-associated microbiomes, their variability across body sites and their eco-evolutionary drivers are unclear (Eckert et al., 2021; Boscaro et al., 2022). In previous phylosymbiosis studies focusing on invertebrates, the relatively small size imposed to use the whole individuals (Eckert et al., 2021; Leasi et al., 2023), or even to pool several individuals for microbiome assembly (Callens et al., 2018; Eckert et al., 2022). Besides ignoring the microbiome variability across host body site and among individuals, these approaches may have masked the impact of host phylogeny on microbiome assembly (Mazel et al., 2018).

The anostracan fairy shrimp Branchinecta gaini Daday (1910) is the largest (adult body size c. 16 mm) and most abundant crustacean species of Antarctic lacustrine habitats. B. gaini is widely distributed across Maritime Antarctica (i.e., South Shetland Islands, the Antarctic Peninsula, and the islands of the Scotia Arc) and southern South America (Hawes, 2009). It plays a key role in the trophic chain of these freshwater ecosystems (Peck, 2004; Hawes, 2009). B. gaini is considered as a primarily non-selective detritivore and herbivorous filter feeder (Lukic et al., 2023), although occasional predation on copepods like Boeckella poppei, larval stages of Parochlus steineni and even conspecific organisms has been reported (Paggi, 1996). B. gaini is characterized by two main microenvironments: a prominent branchial lamina (referred to as gill) and a digestive tract (referred to as intestine) easily discernable through body transparency (Lynch, 1964), facilitating the dissection of these tissues despite the host’s small size. The microbiome of B. gaini remains unexplored to date. Similarly, the intraspecific genetic variation of B. gaini in the Maritime Antarctica is uncharacterized, although other Branchinectidae species exhibit high intraspecific genetic divergences (Aguilar et al., 2017). Given the relative isolation of freshwater lentic ecosystems in Maritime Antarctica (i.e., patchiness of suitable habitat), B. gaini is likely to exhibit geographic and genetic structuring at an intra-species level, as previously reported in other freshwater invertebrates [e.g., B. poppei, Maturana et al. (2020)]. Thus, the fairy shrimp B. gaini represents a suitable model for comprehensively investigating the microbiome assembly processes and testing the phylosymbiosis signal across different host microenvironments in relation with the intraspecific genetic structure of host populations.

This study aims to (i) evaluate the distinguishability of B. gaini microbiomes between gill and intestine, (ii) identify the core microbiomes of gill and intestine, and their keystone Operational Taxonomic Units (OTUs), across geographically-distant sites in Maritime Antarctica, (iii) compare the eco-evolutionary processes governing gill and intestine microbiome assembly at local and regional scales, and (iv) elucidate the relative effects of host phylogenetic diversity, geography and climate in shaping both B. gaini microbiomes.




2 Methods



2.1 Host and environmental samples recollection and preparation

Specimens of B. gaini were sampled from Maritime Antarctica lake water between 2018 and 2023, during the austral summer (January), using a hand-crafted net, with mesh size < 1mm (specimen body size of 15–20 mm) (Table 1). The sampling sites encompass four shallow (0.5–1 m-deep) freshwater lakes, located in Signy Island (PUM) in the South Orkney Islands, King George Island (KIT, WUK) in the South Shetland Islands, and Avian Island (ANT) in the West Antarctic Peninsula (Figure 1). Immediately following sampling, entire individuals of B. gaini were preserved in absolute ethanol with one 50-ml Falcon tube dedicated per sampling site, for subsequent morphological and molecular analyses. The ethanol-preserved B. gaini individuals (8 specimens per site) were dissected under binocular magnifier to separate the head, the gill and the entire intestine with its content. Due to logistical constraints, superficial sediment was collected at a single site (ANT) in sterile Ziploc® bags. Samples from all the microenvironments (i.e., sediment, head, gill and intestine) were conserved into 2-ml sterile cryotubes at -20°C until further molecular analyses (Table 1).

Table 1 | Sampling locations of Branchinecta gaini and overview of metabarcoding sequencing data.
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Figure 1 | Localization of the sampling sites of Branchinecta gaini across Maritime Antarctica. From North to South, PUM: Lake ‘Pumphouse’ from South Orkney Islands, WUK and KIT: Lakes ‘Wukja’ and ‘Kitiesh’ from South Shetland Islands, and ANT: Lake ‘Antena’, from South Antarctic Peninsula (see Table 1 for details). The photos illustrate the characteristic habitat of B. gaini (above) and an individual of B. gaini (below). White letters “i”, “g” and “h” indicate the intestine, the gill and the head, respectively. More detailed photos are provided in Supplementary Figure S1.




2.2 Molecular procedures

Prior to molecular processing, host individuals were carefully rinsed with sterile water to remove the ethanol and minimize the risk of cross-contamination. For host analysis, the genomic DNA from B. gaini head samples was extracted using the DNAeasy Blood & Tissue Kit (Qiagen, CA, USA) protocol for small tissue samples with previous optimizations, including a preliminary incubation in proteinase K+ATL buffer solution overnight at 37°C (Maturana et al., 2020). One segment of the mitochondrial cytochrome c oxidase subunit I (cox1) was amplified using the universal primer LCO1490 and HCO2198 (Folmer et al., 1994). Detailed PCR protocol is given in Supplementary Material (Supplementary Material S1). The obtained PCR products obtained were sequenced in both directions at Macrogen Chile, using Sanger technology.

For microbiome analysis, the genomic DNA from gill and intestine samples was extracted using the DNAeasy PowerSoil Pro Kit (Qiagen, CA, USA) with a previous FastPrep-24® homogenization step (20 s at 4 m s-1) (MP Biomedicals, USA) according to manufacturer’s recommendations. Amplification, library preparation, and amplicon sequencing was carried out by Novogene (Beijing, China). Briefly, the hypervariable V3-V4 region of the 16S rRNA gene was amplified using the 341F-806R primers (Klindworth et al., 2013), and the Phusion® High-Fidelity PCR Master Mix (New England Biolabs, USA), following the PCR protocol detailed in Supplementary Material (Supplementary Material S2).




2.3 Bioinformatic treatment of sequencing data

Host cox1 partial sequences were manually quality controlled, assembled and edited using GENEIOUS 10.2.2 (Kearse et al., 2012). Alignments were obtained using MUSCLE (Edgar, 2004) with standard setting. The host phylogenetic tree was reconstructed from cox1 sequences with NGPhylogeny (Lemoine et al., 2019), using the HKY85+I model recommended by the implemented Smart Model Selection tool (SMS), and complemented by non-parametric SH-like branch supports. Subsequently, the pairwise phylogenetic distances between the pairs of host cox1 sequences within the host were calculated with the cophenetic.phylo function implemented in the ape R package (v5.7-1) (Paradis and Schliep, 2019).

Bacterial paired-end raw sequences were analyzed through the Mothur pipeline (v1.48.0) (Schloss et al., 2009), following the previously described procedure (Schwob et al., 2020). Chimeras were removed using Uchime implemented in Mothur (Edgar et al., 2011). Cleaned sequences were clustered into OTUs at 97%-identity, and low-abundance (< 0.0001%) OTUs were discarded according to (Bokulich et al., 2013). The final OTU table, representing a total of 688 OTUs, was rarefied at 80,000 sequences per sample and converted into a Bray-Curtis dissimilarity distance matrix using the vegdist function of the Vegan R package (v2.6-2) (Oksanen et al., 2011). The representative sequences of the OTUs were used to calculate the phylogenetic tree with NGPhylogeny (Lemoine et al., 2019), using the GTR+G+I model recommended by the implemented Smart Model Selection tool (SMS), and complemented by non-parametric SH-like branch supports. The bacterial phylogenetic tree was rooted on the branch separating Cyanobacteria from the rest of the sequences (Coleman et al., 2021).




2.4 Microbiome diversity analysis

The observed richness, the Chao1, and the Shannon indices were estimated using the plot_richness function from the Phyloseq R package (version 1.46) (McMurdie and Holmes, 2013), and Faith’s phylogenetic diversity was estimated using the estimate_pd function from the btools R package (v0.0.1) (Battaglia, 2021). Mean values of alpha-diversity indices among microenvironments were compared using a non-parametric pairwise Wilcoxon test through the geom_signif function of the ggpubr R package (Kassambara, 2020).

The beta-diversity pattern of B. gaini microbiomes across sites and microenvironments was visualized through a hierarchical clustering and a non-metric multidimensional scaling (NMDS) ordination, using the hclust function from the dendextend R package and the plot_ordination function in the phyloseq R package, respectively. Differences in community structure among sites and microenvironments were tested with PERMANOVA and pairwise PERMANOVA using the adonis2 and pairwise.adonis functions (vegan and funfuns R packages, respectively). The contribution of individual OTUs to the distinguishability of the microbiome among microenvironments was assessed using Linear Discriminant Analysis (LDA) Effect Size (LEfSe) analysis, performed via the run_lefse function in the microbiomeMarker R package (Cao et al., 2022).

The ecological niche breadth (BN) was computed for each OTU within the gill and intestine microbiome using the Levins’ method implemented in levins.Bn function of the microniche R package (Finn et al., 2020). To classify OTUs as generalists, specialists, or neutralists within gill and intestine microbiomes, their Levins’ BN values were compared to a null distribution, following the methodology described in Gao et al. (2023). The proportions of neutralists, generalists, and specialists were statistically compared between gill and intestine microenvironments using the dunn.test R package (Dinno, 2017). The mean community-level niche breadth was calculated for each sample and the significance of the difference in means between the two microenvironments was assessed using the Wilcoxon test.

To characterize the core microbiome of B. gaini gill and intestine, we applied the ‘common core’ definition (Risely, 2020), which encompasses the OTUs present in a large proportion of hosts (i.e., in > 75% of all replicates from each site), including rare OTUs (i.e. no abundance criteria) (Lahti et al., 2017). OTUs with an occurrence frequency of less than 75% were classified as part of the flexible microbiome. The OTU tables of gill and intestine core microbiomes were transformed into relative abundances (normalized by each total core abundance). Co-occurrence networks were computed for each core community using the SPIEC-EASI algorithm with default parameters in R (Kurtz et al., 2015). Nodes’ features, including closeness centrality (i.e., the proximity of a node to all other nodes in the network), betweenness centrality (i.e., the extent to which a node lies on the shortest paths among other nodes in the network), and degree count, were used to assess their potential hub taxa status (Berry and Widder, 2014). The microbiome assembly processes within the gill and intestine of B. gaini were analyzed both at each individual site and across all sites, and then averaged by microenvironments, using an in-house R function of the framework from Stegen et al. (2015), and previously published in Delleuze et al. (2024).

For phylosymbiosis analysis, Mantel tests with 9,999 permutations were conducted for each microenvironment (gill, intestine) to independently test the correlation between the microbiome Bray-Curtis dissimilarity distance and the host phylogenetic distance matrix using the cophenetic function implemented in the ape R package. The Mantel correlations were visualized under scatterplots generated with the ggplot R package (Wickham, 2016). Tanglegrams were generated using the tanglegram function in the dendextend R package to illustrate the correspondence of samples’ order between the dendrograms of gill and intestine microbiomes and the host tree. Partial Mantel tests were employed to determine the contribution of host phylogeny to beta-diversity in gill and intestine microbiomes, while controlling for geographic and climatic distances (Martiny et al., 2006). Geographic distances among sites were computed from the longitude and latitude coordinates using the earth.dist function of the fossil R package (Vavrek, 2011). Climatic variables, including precipitation amount (pr), mean daily maximum air temperature (tasmax), mean daily minimum air temperature (tasmin), mean daily air temperature (tas), and surface downwelling shortwave flux (rsds) were obtained from the CHELSA database v2.1 (Karger et al., 2017), selecting January 2018 data as the most coincident with our sampling time. Standardization of climatic variables was performed using the decostand function (Vegan). Next, automatic stepwise model selection for redundancy analysis was performed through the ordiR2step function (Vegan) to select the climatic variables that explained most of the variance in the OTU composition of gill and intestine samples. To address collinearity among explanatory factors, principal component analysis (PCA) was conducted on the selected climatic variables (i.e., pr, tasmax, and rsds), and the PCA axis scores were transformed into Euclidean distances using the vegdist function (Vegan) that will be further used as the climatic distance matrix.





3 Results



3.1 Significant alpha-diversity variations across B. gaini microenvironments

Microbiome alpha diversity varied significantly across B. gaini microenvironments. Except for the WUK site, the observed and Chao1-estimated OTU richness was approximately twice higher in intestinal samples compared to gill samples (Figure 2; Supplementary Figure S2). Likewise, greater phylogenetic diversity was observed in intestine than in gill (Figure 2). Contrarily, the Shannon diversity values were more homogenous between gill and intestinal samples across sites (Supplementary Figure S2). At the ANT site, alpha diversity indices of the lake sediment (excluding the Shannon index) were comparable to those of the intestine and significantly higher than those of the gill samples (Supplementary Figure S3).

[image: Box plots showing observed diversity (A) and phylogenetic diversity (B) across four sites: PUM, WUK, KIT, and ANT. Shapes indicate microenvironments: gill (square) and intestine (triangle). Observed diversity shows significant differences between microenvironments at PUM, KIT, and ANT, but not at WUK. Phylogenetic diversity shows similar trends. Statistical significance is noted with P-values.]
Figure 2 | Bacterial alpha diversity in gill and intestine microbiomes of Branchinecta gaini. The shape and color correspond to the microenvironment and to the site, respectively. The significance of the differences was inferred through Wilcoxon tests, and p-values (P) are displayed. ‘NS.’ indicates non-significant differences. (A) Observed diversity; (B) Chao Index.




3.2 Unique microbiome features in gill vs. intestine of B. gaini

Within each site, clear dissimilarities in microbiome compositions were observed between gill and intestinal microenvironments (pairwise PERMANOVA, p-values < 0.005, Table 2; Figures 3A, B). For ANT and KIT, the microbial communities clustered primarily by microenvironments and secondly by site, indicating that microbiome compositions among samples from the same microenvironment (despite coming from different sites) were more similar than among samples from the same site (Figures 3A, B). Intestinal communities were on average more homogeneous than gill communities (mean pairwise dissimilarity in gill: 0.71 ± 0.006, vs. in intestine: 0.56 ± 0.006, Wilcoxon test, p < 0.001, Supplementary Figure S4). The effect of the sampling site in shaping B. gaini microbiome composition was twice as strong as that of the microenvironment (R2 = 0.39, p = 0.001 and R2 = 0.19, p = 0.001), and was about 25% stronger in intestine than in gill (R2 = 0.78, p = 0.001 and R2 = 0.51, p = 0.001, respectively, Table 2; Figure 3B). The effect of the host microenvironment on community composition differed depending on the levels of the site factor, as evidenced by the significant interaction in the PERMANOVA (R2 = 0.13, p = 0.001, Table 2), and by the hierarchical clustering in which communities clustered either according to the microenvironment (i.e., KIT and ANT) or by site (i.e., PUM and WUK, Figure 3A). At the ANT site, sediment microbiome composition was more similar to intestine than gill samples (Figures 3A, B).

Table 2 | Individual and pairwise PERMANOVA on Bray-Curtis dissimilarities assessing the effect of microenvironment and site on microbiome composition.


[image: Statistical data table showing dataset categories, sample grouping, degrees of freedom, sums of squares, F-statistics, R-squared values, and p-values. Significant results are highlighted at the 0.001 and 0.01 alpha levels. Significance was determined through 999 permutations. Microenvironment details and comparisons such as "Sediment vs. Gill," "Gill vs. Intestine," and "Site" are included. Notably, some cells are blank, indicating no data for certain measures.]
[image: (A) Dendrogram showing hierarchical clustering of samples from different sites: ANT, KIT, PUM, WUK, differentiated by color. (B) NMDS plot displaying samples based on microenvironments: sediment, gill, and intestine, represented by circles, squares, and triangles, respectively. Sites are indicated by color: PUM (red), WUK (orange), KIT (green), and ANT (dark blue).]
Figure 3 | Bacterial beta diversity in Branchinecta gaini-associated and lake sediment microbiomes. Hierarchical clustering (A) and non-metric multidimensional scaling ordination (B) are based on Bray-Curtis dissimilarities among B. gaini microenvironments. Clustering is performed using the ward. D2 agglomeration method. The shapes and colors correspond to the microenvironment and to the site, respectively. In sample nomenclature, the first three letters, the number, and the last lowercase letter correspond to the site, the sample number, and the microenvironment, respectively.

The partitioning of gill, intestinal, and sediment microbiomes was explained by the significant enrichment of discriminant bacterial taxa within each microenvironment, with a total of 375 discriminant OTUs identified through LEfSe analysis. The taxonomic affiliations of the top 20 OTUs with highest LDA scores within each microenvironment encompassed 12 bacterial classes (Figure 4). In the gill microbiome, discriminant OTUs were mainly from the Bacteroidia class, predominantly represented by Flavobacterium. In the intestine microbiome, most of discriminant OTUs were assigned to the Clostridia and Alphaproteobacteria classes, represented by Clostridium and Tabrizicola, respectively (Figure 4). The discriminant OTUs of sediment microbiomes predominantly belonged to the Gammaproteobacteria and Bacteroidia classes, represented by various taxa such as Rhodoferax and Lentimicrobiaceae, among others.

[image: Hierarchical clustering diagram showing microbial taxa and their mean proportions across microenvironments: sediment, gill, and intestine. Taxa are color-coded by class, including Acidimicrobiia, Actinobacteria, Alphaproteobacteria, and others. LDA scores indicate significance, with values from 3.5 to 5.0.]
Figure 4 | The twenty most enriched bacterial OTUs within each B. gaini and lake sediment microenvironments identified through Linear discriminant analysis (LDA) effect size (LEfSe) analysis. Taxonomic affiliations at the genus level (g): or at the family level (f): when genus was undetermined, and LDA score are presented for each OTU. The LDA score is represented by the color gradient in the heatmap. The barplot indicates the mean relative abundance of the indicator bacterial OTUs to the microbial community within each microenvironment (Microenv.). The hierarchical clustering is based on complete method from OTU relative abundance across microenvironments.

The Levins’ niche breadth index (Bj) was roughly 30% higher in the intestine compared to the gill microenvironment (Wilcoxon test, p < 0.001, Figure 5, left panel). The proportion of specialist OTUs was strongly higher in the gill community (96%) than in the intestine community (52%). Generalist OTUs were nearly absent in both microenvironments (< 0.01%), and around half of the intestinal OTUs were neutralists (Figure 5, right panel).

[image: Boxplots and stacked bar charts depict habitat niche breadth and proportions for gill and intestine. In the boxplot, the intestine has a higher niche breadth with a significant P-value of less than 0.001. The bar chart shows proportions of neutralist, generalist, and specialist strategies in gill and intestine, with notable differences in specialist categories between them. Various symbols represent data types and sources.]
Figure 5 | Habitat niche breadth (left) and proportions of habitat neutralists, generalists, and specialists (right) of the microbiome of Branchinecta gaini microenvironments. In the left panel, means of the Levins niche breadth index (Bj) were calculated for each OTU within a community (i.e., sample). Differences between microenvironments were assessed for significance using the Wilcoxon test. In the right panel, arrows are used to indicate the different category within each microenvironment. Different lowercase letters between gill and intestine for the same category (e.g., neutralists) indicate significant difference, as determined by the Dunn test. All comparisons were statistically different (p-values < 0.001).




3.3 Core microbiome detected but no hub taxa in gill and intestine of B. gaini

All core OTUs detected had a minimum prevalence of 87.5% across all samples and variable abundances, particularly within the intestine, as indicated by the abundance-occupancy curves (Figure 6A). Gill samples revealed a more flexible microbiome with only 12 core OTUs detected, whereas intestinal samples displayed 107 core OTUs (Figure 6B). In both microenvironments, the core OTUs accounted for substantial fractions of the entire bacterial communities, with cumulative relative abundances of 45.5% (gill) and 73.3% (intestine) of the community (Figure 5). The core composition was mostly distinct between both microenvironments. In line with the microenvironment-specific OTUs detected in the preceding section, the gill core microbiome was mostly dominated in abundance by OTUs belonging to genera like Polaromonas and Flavobacterium. Conversely, the intestine core microbiome was primarily dominated by OTUs belonging to Intrasporangiaceae and Tabrizicola (Figure 4; Figure 6C). The only bacterial genera (with relative abundance > 0.015) represented in both gill and intestine were Clostridium sensu stricto 9 and 13 (Figure 6C), previously detected as significantly enriched solely within intestinal samples (Figure 4).

[image: Three-part image analyzing operational taxonomic units (OTUs) in fish gills and intestines. (A) Scatter plots of OTU prevalence vs. abundance with core (orange) and flexible (blue) OTUs. (B) Bar chart showing cumulative OTU abundance; gills: 12 core, 658 flexible, intestines: 107 core, 571 flexible. (C) Stacked bar chart of core OTU composition by genus and family, highlighting diversity in gills and intestines with a color-coded legend.]
Figure 6 | Bacterial core and flexible microbiomes of B. gaini gill and intestine. (A) represents the abundance-occupancy curves of all OTUs in B gaini gill and intestine. Colors indicate either the core (carrot orange) or flexible OTUs (charcoal blue). (B) represents the cumulative relative abundance of core (carrot orange) and flexible OTUs (charcoal blue) in the gill and intestine. The number inside each bar section indicates the number of OTUs. (C) displays the taxonomic composition at the genus level (or family level when genus information was not available) of the gill and intestine core microbiome OTUs. Core OTUs with relative abundance < 0.015 are represented under the label “Other”.

Co-occurrence networks computed for both gill and intestine core microbiomes did not reveal any hub taxa in either microenvironment. In the gill core microbiome, a single significant interaction was identified between Acinetobacter and Microbacteriaceae taxa, with betweenness centrality values below the threshold to be considered as hub taxa. Contrastingly, in the intestine microbiome, co-occurrence interactions among core OTUs were more abundant, with average betweenness and closeness centrality of 209.2 ± 20.0 and 0.002 ± 2.5e-5, respectively, and a degree count of 3.3 ± 0.2; however, none of the nodes in the core co-occurrence network reached the 97th percentile of closeness and betweenness centrality values, precluding them from being classified as hub OTUs (Supplementary Figure S5).




3.4 Divergence-driving processes dominate in B. gaini microbiome assembly

Ecological processes leading to microbiome divergence (i.e., ecological drift, dispersal limitation, and variable selection) accounted for most (> 95%) of the community composition turnover in both microenvironments, regardless of the geographical scale (i.e., intra- and inter-site) (Figures 7A, B). However, the respective contributions of these ecological processes were markedly different between the gill and intestine. Notably, at the intra-site scale, variable selection was the dominant process within the intestinal microbiome across B. gaini individuals, accounting for 60% of the community composition turnover, while it only explains about 6% of the turnover observed in the gill microbiome. In contrast, ecological drift was the most important process in the gill microbiome, driving more than 70% of the community composition turnover but only 36% in the intestine microenvironment. Additionally, the dispersal limitation contribution, absent in the intestine microbiome assembly processes, drove 18% of the intra-site turnover of the gill bacterial community (Figure 7A).

[image: Bar charts illustrate the percentage of ecological processes in (A) intra-site and (B) inter-site contexts for gill and intestine. The colors represent homogenizing dispersal, homogeneous selection, ecological drift, dispersal limitation, and variable selection.]
Figure 7 | Estimation of the ecological processes governing the microbiome of Branchinecta gaini microenvironments within (A) and among (B) sites. The significance of the contribution changes in ecological processes was determined using a permutation test. The ‘ecological processes’ axis refers to the mean contribution of the community assembly processes.

When examining the inter-site turnover, the contribution of variable selection increased to 95% and 58% in the gill and intestine microbiomes, respectively. The contribution of dispersal limitation slightly increased, accounting for 21% and 5% in the gill and intestine microbiomes, respectively. Meanwhile, the contribution of ecological drift decreased to 16% and 0% in the gill and intestine microbiomes, respectively (Figure 7B).




3.5 Stronger host phylogenetic footprint in intestinal vs. gill microbiome of B. gaini

A substantial congruence was detected between microbiome composition dissimilarity and B. gaini phylogenetic distances, with a stronger correlation in the intestine (R2 = 0.64, p = 0.0001) compared to the gill (R2 = 0.49, p < 0.0001) (Figure 8A). Upon controlling for either climatic or geographic variability, the correlation strength slightly weakened for both microenvironments, but remained higher in the intestine than in the gill microbiome (Supplementary Table S3). In addition, while the p-values of partial Mantel tests remained largely significant in case of the intestine, they became less significant for the gill, and even marginally significant in the case of climatic distance-controlled correlation (Supplementary Table S3). Finally, the degree of alignment between the microbiome dendrogram and the host phylogenetic tree labels (i.e., entanglement) was twice higher in the intestine compared to the gill (Figure 8B).

[image: Scatter plots and dendrograms comparing gill and intestine microbiome dissimilarity to host phylogeny in panel A, with \( R^2 = 0.49 \) for gills and \( R^2 = 0.64 \) for intestine. Panel B shows dendrograms of gill and intestine microbiomes linked to B. gaini, with entanglement values of \( 0.14 \) and \( 0.06 \).]
Figure 8 | Congruence between Branchinecta gaini phylogeny and its microbiome composition. (A) Scatter plots of partial Mantel test results based on microbiome dissimilarity of B. gaini gill (gray square) and intestine (black triangle), using Bray-Curtis distances and host phylogeny. R2 and p-values based on 10,000 permutations are provided. (B) Tanglegrams showing the association between the estimated B. gaini phylogeny and its gill (square) or intestine (triangle) microbiome composition. The scale and direction of the divergence are indicated by the scale bars, representing Bray-Curtis dissimilarity and pairwise phylogenetic distances for microbiome and host, respectively. The degree of alignment between the dendrograms is presented under a value of entanglement (0: fully aligned labels, 1: fully mismatched labels). Colors represent the sampling site as follows: Terra cotta; PUM, goldenrod yellow: WUK, asparagus green; KIT, dark slate blue; ANT.





4 Discussion

We have limited understanding of how microbiome assembly vary across host microenvironments and among intraspecific populations of the same species. In this study, we surveyed the microbiome associated with two microenvironments of the fairy shrimp B. gaini across four populations distributed throughout Maritime Antarctica, and explored the eco-evolutionary mechanisms influencing the assembly of these microbiomes. Our results refine previous findings on meiofaunal host-microbiome relationships and verify several general hypotheses regarding the detection of phylosymbiosis (Woodhams et al., 2020).



4.1 B. gaini microbiome is shaped by host microenvironments

Assessing the distinguishability of bacterial community across host microenvironments and between the host and the surrounding environment is an essential first step to further unravel the microbiome significance in host ecology and evolution (Hammer et al., 2017; Schwob et al., 2024b). The composition of gill and intestine microbiomes of B. gaini significantly differed from each other. This finding demonstrates that fairy shrimps host body-site specific microbiomes, as previously observed in bigger crustaceans from Malacostraca class such as shrimps and crabs (Zhang et al., 2016; Cornejo-Granados et al., 2018). Our results underscore the importance of examining distinct organs individually, even in small and seemingly simple organisms like branchiopods. Moreover, the gill and intestine microbiomes were distinct from the lacustrine sediment environment. This first evidence of host ecological filtering in B. gaini suggests a selective enrichment of specific bacterial taxa able to colonize the gill and intestine tissues within B. gaini (Moran and Sloan, 2015; Mazel et al., 2018). A similar pattern has been previously reported through whole individual analysis in other small and microscopic freshwater organisms (Samad et al., 2020; Eckert et al., 2021; Boscaro et al., 2022).




4.2 Greater specificity and stochasticity in gill versus intestine microbiome assembly of B. gaini

Based on alpha-diversity results, host filtering seems to be stronger in the gill than in the intestine, limiting its colonization to a fewer number of, and more phylogenetically homogeneous, bacterial taxa compared to the intestine samples. This suggests that the gill may be a more selective habitat with a lower microbial carrying capacity compared to the intestine. Consistently, almost all the gill OTUs were identified as specialists according to the Levin’s niche breadth framework. For instance, the most enriched and prevalent bacterial taxa in the gills is Polaromonas, a psychrophilic genus previously isolated from saline pond water, and various glacial environments, including lake microbial mat and glacier surfaces in Antarctica (Kapardar et al., 2010). Some authors propose that this genus can form dormant cells, facilitating its survival and dispersion over time and space (Darcy et al., 2011). Moreover, the Polaromonas genus is described as metabolically versatile due to high levels of horizontal gene transfer, allowing it to thrive during transient periods of higher temperatures and substrate availability (Yagi et al., 2009). This “opportunitroph” lifestyle (Polz et al., 2006) echoes the ecological strategy observed in B. gaini, which can survive extreme environmental fluctuations (Peck, 2004). B. gaini gills were also enriched in Flavobacterium, a genus associated with gill rot symptoms in various cold freshwater fish species (Farkas, 1985). The enrichment of these genera in the gills of freshwater invertebrates from the surrounding habitat is unprecedented and warrants further dedicated study to uncover their potential ecological roles.

The apparently stronger specificity observed in the gill versus the intestine aligns with the greater contribution of dispersal limitation processes in the gill, as previously shown in other organ-associated microbiomes of invertebrates and mammals (Mazel et al., 2024). This suggests that gill-associated OTUs possess phenotypic bacterial traits associated with reduced dispersal abilities (Mallott, 2024). Additionally, we identified a narrow core microbiome in the gill consisting of only 12 OTUs, yet accounting for almost 50% of all reads in the gill. This finding suggests that at least a fraction of the gill microbiome may be less transitory, reflecting some degree of host-symbiont fidelity over time and space (Risely, 2020).

However, the relatively higher variability in gill microbiome composition compared to the intestine, coupled with the greater proportion of flexible microbiome, challenges the notion of a highly specific gill microenvironment and prompts distinct scenarios to explain this discrepancy. First, in line with observations from other crustacean species, we propose that the microbial community colonizing B. gaini gill is periodically eliminated and gradually re-establishes after each host molting event (Corbari et al., 2008; Middlemiss et al., 2015; Zhang et al., 2021). Although the molting rate in B. gaini remains uncertain, estimates for the closely related species B. giga suggest approximately 18 molts per life cycle (Daborn, 1975). It is thus plausible that asynchronicity in molting and differences in the gill recolonization outcomes across individuals introduce variability in the microbiome composition.

Alternatively, the unique anatomical structure of the anastrocan gills, which lack a protective gill chamber unlike larger invertebrates, results in a more direct and continuous exposure to the environment (Paggi, 1996). Consequently, the gill microbiome may be more influenced by the lake water column than the intestine, leading to greater variability across sampling sites, potentially reflecting environmental differences among lakes. This aligns with the stronger increase of variable selection from intra-site to inter-sites in the gill compared to the more stable intestine microbiome. The high flexibility of microbiome in response to the external environment has been previously described in freshwater zooplankton, including rotifers, copepods, and cladocerans (Eckert et al., 2021). Although the lack of direct water sampling in this study limits our understanding of the water microbiome’s influence on the gill microbiome, Branchinecta species primarily inhabit the surface of the nutrient-rich substrates at the bottom of Antarctic lakes, rather than the water column. These sediments can be considered as their primary habitat, as Branchinecta actively plow through superficial sediments using their thoracopods (Cáceres and Rogers, 2015). Additionally, the interstitial water present in the sediment samples provides an indirect representation of the water environment, compensating to some extent for the absence of explicit water samples in this study.

Finally, stochastic processes, primarily ecological drift, dominates in B. gaini gill microbiome assembly at a local scale (intra-site), suggesting that the microbiome is mostly acquired horizontally through pervasiveness uptake of environmental bacteria (Hammer et al., 2017, 2019; Rosenberg and Zilber-Rosenberg, 2021). Ecological assembly processes have not been specifically estimated in the past in crustacean models, but this finding intuitively contrasts with the typical pattern described in gill of other crustaceans, such as crabs, where the microbiome coating the gills lamella is dominated by stable bacterial taxa across host populations (Bacci et al., 2023; Fusi et al., 2023). The importance of ecological drift during establishment of symbioses has been demonstrated to weaken/counteract deterministic selection through mechanisms such as priority or founder effect (Hagen and Hamrick, 1996; Kohl, 2020). Thus, the colonization outcome (i.e., symbiont community composition) of a selective microenvironment may vary within and between host populations after the coarse ecological filter against taxa unable to colonize the tissue, even in the case of highly specific and vertically-transmitted symbionts (Vega and Gore, 2017; Lange et al., 2023; Chen et al., 2024). Such mechanisms may explain the detection of relatively variable community composition, the detection of stochastic assembly processes in the gill, in spite of the specificity of this microenvironment, which initially seemed contradictory.




4.3 Greater consistency and determinism in intestine versus gill microbiome assembly of B. gaini

We detected a predominant core microbiome across the four populations of B. gaini accounting for almost two thirds of the total community abundance, suggesting the existence of stable, permanent, and abundant microbial partners in the intestine of B. gaini (Astudillo-Garcia et al., 2017). Among the core microbial taxa, we reported the Intrasporangiaceae family, which has been characterized as highly abundant in the intestine of terrestrial earthworms and correlated with the digestive capacity of the host (Liu et al., 2023). This family has also been repeatedly detected in Antarctic ecosystems, mainly in soils and seawater (Giudice et al., 2007), but also associated with metazoan hosts such as tardigrades living on the surface of glaciers (Zawierucha et al., 2022). The Clostridium sensu stricto 13 and 9 genera were also particularly prevalent and enriched in B. gaini intestines. Representatives of the Clostridia class, including Clostridium, are typically detected in the gut of freshwater invertebrates and fish (Zhao et al., 2018; Weingarten et al., 2019; Savard et al., 2023). Clostridium is a fermentative anaerobe known for its chitinolytic activity (Olsen et al., 1999). We suggest that the enrichment of these genera in the intestine of B. gaini might be attributed to their chitinolytic activity, enabling them to leverage the chitin-rich peritrophic matrix.

As in the gill microenvironment, the microbiome assembly processes within the intestine of B. gaini revealed a predominance of processes leading to a divergent microbiome. Yet, in contrast with the gill, these processes were mostly deterministic, dominated by variable selection and ecological drift at intra-site scale, and almost exclusively by variable selection at inter-sites scale. Our findings contrast with several studies of the macrofauna gut microbiomes, which have identified either deterministic processes leading to phylogenetically convergent gut microbiome (i.e., homogenizing selection) (Xiong et al., 2017; Li et al., 2019), or mostly stochastic processes leading to divergent microbiome (i.e., mainly ecological drift) (Yan et al., 2016; Ge et al., 2021; Schwob et al., 2021). Our results also diverge from the typical pattern observed in the micro-eukaryotic community of freshwater lakes on the King George Island (South Shetland Islands, Maritime Antarctica) (including the same sampling site as ours), which are dominated by homogenizing dispersal process (Zhang et al., 2022). In our case, the high contribution of variable selection, which causes the variability of intestinal microbiome, might be somewhat linked to B. gaini host-related factors (e.g., ecology, diet, genetics, physiology) that selected, enriched or maintained bacteria adapted to the intestine microenvironment with site-specific differences (Stegen et al., 2013, 2015). We speculate that the trophic plasticity of B. gaini, coupled with potentially significant inter-sites variations in nutrient resources, may drive the gut microbial diversity toward various directions associated with different dietary intakes. This could lead to distinct enrichments within the intestine and consequently high intraspecific variations in microbiome compositions, similar to patterns observed in Tibetan herdsmen and birds (Li et al., 2018; Bodawatta et al., 2021). In line with this, the niche breadth in the intestine was wider than in the gill, with half of the OTUs being either neutralists or generalists, suggesting that the diet flexibility of B. gaini promotes a metabolically more flexible microbial community in the intestine (Jiao et al., 2020).




4.4 Intestinal microbiomes exhibit stronger phylosymbiosis than the gill microbiomes

Our study addressed three significant gaps in the current phylosymbiosis literature by (i) comparing the strength of phylosymbiosis in two host microenvironments, (ii) through host intraspecific resolution, and (iii) within an unexplored taxonomic group (Brachiopoda). To date, only a single phylosymbiosis study has been reported in this region (Schwob et al., 2024a). We detected robust correlations between within-species phylogenetic distances of B. gaini and its microbiomes’ compositions. This result formally confirms the feasibility of detecting phylosymbiosis among genetically-structured intraspecies populations of freshwater invertebrates, thereby highlighting the importance of preserving the individual identity when considering different populations (Mazel et al., 2018; Lim and Bordenstein, 2020). Our results contrast with previous findings that mostly report the absence of phylosymbiosis in meiofaunal invertebrates, including rotifers, crustaceans, and flatworms, among others (Turgay et al., 2020; Eckert et al., 2021; Boscaro et al., 2022; Eckert et al., 2022; Rosa and Loreto, 2023). Several major methodological variances may explain the difference in phylosymbiosis detection with these previous works. First, ancient divergence time among different hosts tend to obscure the phylogenetic signal within their microbiomes, thus limiting the detection of phylosymbiosis (Brooks et al., 2016; Groussin et al., 2017). Consistently, Leasi et al. (2023) did not detect phylosymbiosis signal among the microbiomes of seven marine interstitial nemertean genera, but the correlation was positive when tested within the single genus Ototyphlonemertes. Secondly, we distinguished two different host microenvironments within B. gaini, while all the aforementioned studies used complete individuals for inspecting phylosymbiosis association. Mixing different microbiomes from whole individuals may lead to spurious conclusions about phylosymbiosis. Here, the strength of the phylosymbiosis pattern was markedly different between gill and intestine microbiomes. Specifically, the phylosymbiosis signal was weaker (and even marginally significant) in the B. gaini gill compared to intestine microenvironment when controlling for climatic and geographic distances. These findings suggest that, independently of climatic and geographic variables, host genetics shape more strongly the intestine microbiome than the gill microbiome, reflecting deterministic assemblages of bacteria. This is in accordance with the predominance of the variable selection process observed for the intestine microbiome assembly across sampling sites. This pattern is consistent with the general trend in phylosymbiosis studies showing that internal microbiomes (e.g., gut) tend to harbor stronger and more frequent phylosymbiosis signals than external microbiomes (e.g., skin), as reported in fishes (Minich et al., 2022), due to likely more direct influence of host physiology, immune system, and trophic diet in shaping the microbial communities (Moran and Sloan, 2015; Mazel et al., 2018; Woodhams et al., 2020).

We cannot discard a non-adaptive origin of the phylosymbiosis through host deterministic ecological filtering. Indeed, more phylogenetically closely related hosts might share more similar habitat, ecology and physiology, thus indirectly selecting similar microbial taxa from the surrounding environment (Moran and Sloan, 2015; Mazel et al., 2018). This hypothesis likely applies in the case of the intestine microenvironment, as the phylosymbiosis may result from diverging dietary intakes, related to diet preferences and/or the available resources (Hammer et al., 2020), which tend to be more homogenous within and between geographically closer sites, as observed in lake plankton (Soininen et al., 2011). This is in line with previous microscopic observations in another branchiopod genus (Artemia), suggesting that the intestinal microbial community is mostly transient and associated with the ingested material (Martin et al., 2020). The localization and density of the microbes in the intestine, as well as the functional host-symbiont complementarity remain to be fully resolved in B. gaini, and constitute promising avenues of research to further understand the gut microbial roles in freshwater crustaceans inhabiting lacustrine ecosystems in the rapidly changing region of Maritime Antarctica.





5 Conclusions

This study examines the microbiome assembly processes and phylosymbiosis signal in the Antarctic fairy shrimp Branchinecta gaini, relating to the host’s intraspecific genetic structure. We found that the gill and intestine harbor distinct microbiomes, each with specific core OTUs that form site-dependent interaction networks, assembled through eco-evolutionary processes that result in divergent microbial communities. The host genetic structure correlates with the composition of both intestine and gill microbiomes of fairy shrimp, validating the phylosymbiosis hypothesis. The stronger phylosymbiosis signal in the intestine is linked to deterministic microbiome assembly processes associated with site-specific dietary variations that reflect the host’s genetic structure. In contrast, the greater variability observed in the gill microbiome–due to stochastic assembly processes likely influenced by environmental exposure and/or random colonization–obscures this signal. These findings emphasize the importance of distinguishing between host microenvironments, even in small organisms, when studying the microbiome assembly.
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Historical climate disturbances such as glacial cycling and fluctuating stream, lake, and sea levels strongly influence the distribution and evolutionary trajectories of Antarctic terrestrial species. Antarctic invertebrates, including the ubiquitous sentinel nematode species Scottnema lindsayae, are especially sensitive to climate disturbances. We tested hypotheses associated with the historical geographic and population genetic structure of this species as it occurs across the McMurdo Dry Valleys of Antarctica. To reconstruct the influence of climate disturbance and ecological conditions on this species, partial mitochondrial cytochrome c oxidase I gene sequences were analyzed from individual S. lindsayae collected from sites across the McMurdo Dry Valleys reflecting opposing gradients of climate disturbance during the Last Glacial Maximum. We found that populations were strongly demarcated by geomorphic barriers, with distinct haplotypes associated with valleys except among valleys that experienced glacial advance and retreat during the LGM. Our work shows that contemporary populations of these animals are strongly structured by prior climate history and reinforced by subsequent ecological conditions. Such findings can be useful for understanding the processes that shape the distribution and abundance of these ecologically important animals and interpreting long-term monitoring of demographic shifts in response to changing climate trends in the McMurdo Dry Valleys.
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1 Introduction

Large-scale climate disturbances have lasting effects on ecological conditions and evolutionary change of populations (e.g., Opdam and Wascher, 2004). Climate disturbances create opportunities for stochastic gene flow among populations within a species that are otherwise structured by geography (Moran and Ormond, 2015; Schierenbeck, 2017). The Last Glacial Maximum (LGM; 20-10 kya) caused large-scale extinctions, subsequent expansions, and range shifts apparent in the phylogeography of many species (Hewitt, 1996, 2001; Riddle, 1996; Shafer et al., 2010). Understanding these historical evolutionary responses is important when considering the resilience of ecological communities to climate change (Willis et al., 2010). Mitochondrial DNA has been used extensively to test hypotheses of evolutionary responses to climate disturbances (Avise et al., 1987; Avise, 2009; Hickerson et al., 2010). Utilizing this molecular marker, intraspecies responses to the LGM have been studied across ecosystems and throughout the animal kingdom (Lobon et al., 2016; Khanal et al., 2018; Collins et al., 2019; Guimarães et al., 2022). Climate disturbance events, past and present, are especially influential in the evolutionary patterns of non-vagile species (Malcolm et al., 2002; Normand et al., 2011), and exceptionally so for soil invertebrates faced with extinction by glacial advances during the LGM (McGaughran et al., 2011; Collins et al., 2019, 2020). The extent to which these disturbance events impact the genetic structure of soil invertebrates is less well known.

The extreme Antarctic environment is no exception to climate disturbances that have influenced contemporary biogeography and abiotic conditions (Convey et al., 2014). Though experiencing a relatively stable climate since the mid-Miocene (Sugden et al., 1993; Spector and Balco, 2021; Halberstadt et al., 2022), the LGM created lasting legacies of habitat quality (Campbell et al., 1998; Burkins et al., 2000) and dispersal patterns (Virginia and Wall, 1999; Convey et al., 2014). Work in both terrestrial (Baird et al., 2021) and marine ecosystems (Soler-Membrives et al., 2017) and more specifically on springtails (Stevens and Hogg, 2003; Nolan et al., 2006; Collins et al., 2019, 2020), mites (Marshall and Coetzee, 2000; Brunetti et al., 2021), and mosses (Biersma et al., 2018) have all corroborated the evolutionary impact of the LGM. Among taxonomic groups that have received less attention are Antarctic nematodes. The haplotype diversity of Antarctic soil nematodes has been demonstrated (Courtright et al., 2000; Adams et al., 2007; Velasco-Castrillón and Stevens, 2014). However, the impact of climate disturbance on endemic terrestrial Antarctic biota has yet to be examined using the phylogeographic patterns of broadly distributed nematode species.

The nematode Scottnema lindsayae (Timm, 1971) is found across the scant ice-free regions of Antarctica (Freckman and Virginia, 1998; Adams et al., 2014; Velasco-Castrillón and Stevens, 2014). The McMurdo Dry Valleys comprise the largest of these ice-free landscapes (MDVs; 78°S, 162°E; 4,500 km2; Levy, 2013). Freezing temperatures (-18°C; Doran et al., 2002a), low soil moisture (1% water by volume; Campbell et al., 1998), high salinity (~1600 µS/cm; Nkem et al., 2006a), and a truncated growing season (~2 months per year) reinforce the extreme conditions for life to exist in the MDVs. Under such harsh conditions, terrestrial communities are composed of only a few taxa of soil invertebrates, fungi, and microbial flora (Adams et al., 2014; Dreesens et al., 2014; Feeser et al., 2018). In the 65% of soils suitable for colonization, the communities have minimal functional overlap and are sensitive to climate disturbances (Freckman and Virginia, 1998; Fountain et al., 2014, 2016; Andriuzzi et al., 2018; Franco et al., 2021). In this low diversity ecosystem, S. lindsayae is the most common and often the exclusive metazoan in high saline (EC < 700 mS cm-1), low soil moisture (<5%), and high elevation habitats that are inhospitable to other metazoan taxa (Treonis et al., 1999; Nkem et al., 2006a; Poage et al., 2008; Adams et al., 2014; Zawierucha et al., 2019). As a result, populations of S. lindsayae are distributed across heterogenous landscapes, thus providing an ideal system to study the effects of contemporary and historical climate trends on population structure throughout the MDVs. S. lindsayae functions as an excellent sentinel of MDVs soil ecosystem structure and functioning for its sensitivity to climate disturbances (Freckman and Virginia, 1997; Doran et al., 2002b; Porazinska et al., 2002; Gooseff et al., 2017; Andriuzzi et al., 2018), indicator of soil habitability (Courtright et al., 2001; Poage et al., 2008), and its disproportionate role in carbon cycling (Barrett et al., 2008; Andriuzzi et al., 2018). As such, the evolutionary response of S. lindsayae to past climate disturbances is important for interpreting contemporary responses to ongoing environmental change and sensitivity to future climate disturbances.

The main objective of this study was to identify the phylogeographic response of the sentinel species S. lindsayae in the MDVs to historical climate disturbance. We hypothesized that physical and population processes associated with the LGM are responsible for contemporary patterns of nematode distribution and connectivity rather than present day proximal processes shaping phylogeographic patterns. To test the role of historical climate disturbance on the genetic structure of S. lindsayae, we focused on three potential drivers: 1) geomorphic barriers that restrict connectivity among populations, 2) legacies of glacial advance and paleolake inundation during the LGM that may have disrupted or homogenized population structure, and 3) contemporary ecological gradients that could shape intraspecific diversity.




2 Materials and methods



2.1 Study system

Scottnema lindsayae (Timm, 1971) is well studied in terms of abundance, distribution, and ecosystem functioning (Figure 1; Adams et al., 2006, 2007, 2014). This species is known to tolerate low soil moisture (<5%; Poage et al., 2008), high salt content (EC < 700 mS/cm; Nkem et al., 2006a; Poage et al., 2008), and high pH (Courtright et al., 2001). Population abundances and life stage diversity are clearly linked to suitable soil habitat (Courtright et al., 2001; Poage et al., 2008) and respond to contemporary environmental disturbances (Porazinska et al., 2002; Barrett et al., 2008; Andriuzzi et al., 2018).

[image: Scanning electron micrographs of helminths, highlighting varied anatomical features. Images A-D show detailed views of the anterior ends with distinct mouthparts and spines. Images E-F depict the posterior sections, showcasing the body texture and tapering. Each panel focuses on different morphological details, aiding in the study of parasitic structures.]
Figure 1 | Scanning electron microscope images of S. lindsayae collected from Garwood Valley. Images (A-D), adult anterior view. Image (E), adult male posterior end. Image (F), adult male with protruding spicula.




2.2 Geographic sampling

To study the impacts of opposing disturbance histories during the LGM on nematode populations in the MDVs, we collected soil from 26 sites (Figure 2; Table 1) representing 8 valley systems. Of note, Taylor Valley is further divided into three well studied lake basins – Fryxell Basin, Hoare Basin, and Bonney Basin – that are distinct in their glacial histories. Of all the sites, 14 represent locations within valleys considered putative undisturbed refugia. These areas of refugia have likely existed as overlapping habitats with suitable abiotic conditions (Convey et al., 2020) throughout recurrent glaciations of the Pleistocene and even through the formation of the MDVs in the mid-Miocene (15-9 mya; Denton et al., 1984, 1993; Sugden et al., 1993; Schäfer et al., 1999). The remaining 12 sites represent locations in the MDVs that were disturbed during the LGM (10-21 kya; Table 1) either by local glacial expansion or paleolake inundation. We chose these sites based on published soil exposure ages (Table 1), proximity to recorded local glacier terminal moraines and paleolake shorelines, and presence of viable S. lindsayae communities.

[image: Map of Dry Valley, Antarctica, showing sampling sites for Scottinema lindsayae. It highlights various valleys, peaks, and glaciers with color-coded markers for disturbed and undisturbed sites. An inset map shows the location within Antarctica.]
Figure 2 | Map sampling locations for S. lindsayae in the McMurdo Dry Valleys. Triangles indicate undisturbed sites (putative refugia), squares represent disturbed sites (impacted by glaciation or paleolake inundation during the LGM). Red diagonal hatching denotes the historical extent of the Ross Sea Drift incursion during the LGM Each valley or basin is represented by a different color. Where possible we use a consistent color scheme across figures, with darker variants to represent putative refugia when shape-based distinctions were not applicable. Soils collected adjacent to contemporary lakes are referred to as the lake basin they came from.


Table 1 | Sampling site descriptions and locations including the site name, valley or basin system, glacial history (disturbed or undisturbed) during the Last Glacial Maximum, S. lindsayae abundances as a proxy for soil habitability, number of individuals sanger sequenced from each site (sample size), latitude and longitude (decimal degrees), elevation (m), and estimated exposure ages based on the existing literature.
	Site
	Valley
	Glacial History
	Scottnema abundances (#/kg soil)
	Sample Size
	Lat
	Long
	Elevation (m)
	Estimated Exposure ages
	Citation



	Levy Cirque
	Beacon Valley
	Undisturbed
	358
	16
	-77.7972330
	160.6154780
	1522
	2.3 mya
	Schäfer et al., 2000


	Beacon Valley, Lower
	Undisturbed
	3678
	13
	-77.8067660
	160.7177160
	1017


	Beacon Valley, Upper
	Undisturbed
	2320
	8
	-77.8805330
	160.4578160
	1386


	Battleship Promontory
	Alatna Valley
	Undisturbed
	147
	10
	-76.9223500
	161.0814330
	1241
	5 mya
	Sugden and Denton, 2004; Margerison et al., 2005; Diaz et al., 2020


	Alatna Valley
	Undisturbed
	1333
	13
	-76.8946500
	161.1391500
	981
	 
	Calkin, 1964


	Hawkings Cirque
	Wright Valley
	Undisturbed
	196
	14
	-77.5101920
	160.5785970
	1204
	 
	 


	Labyrinth
	Undisturbed
	351
	7
	-77.5500000
	161.5166660
	767
	3 mya
	Schäfer et al., 1999; Lewis et al., 2006


	Dais
	Undisturbed
	132
	7
	-77.5500030
	161.1847300
	801
	4 mya
	Schäfer et al., 1999


	Lake Brownworth
	Disturbed
	726
	6
	-77.4386330
	162.7288030
	241
	26-5 kya
	Hall et al., 2001


	Mount Suess Peak
	Mackay Glacier
	Undisturbed
	580
	7
	-77.0366280
	161.7101190
	970
	 
	Sugden and Denton, 2004; Jones et al., 2015


	Mount Suess, Lower
	Disturbed
	3801
	16
	-77.0182700
	161.7343100
	517
	25-5 kya


	Pegtop Mountain
	Disturbed
	3047
	2
	-77.0473530
	161.4442960
	823
	25-5 kya


	Mount Falconer
	Fryxell Basin, Taylor Valley
	Undisturbed
	446
	11
	-77.5731720
	163.1585970
	731
	 
	Stuiver et al., 1981; Denton et al., 1993; Burkins et al., 2000; Bockheim et al., 2008; Fountain et al., 2014


	Gurkha Peak
	Undisturbed
	2308
	9
	-77.6509600
	163.2515110
	917
	 


	Lake Fryxell
	Disturbed
	110
	12
	-77.6076940
	163.2506830
	9
	21-12 kya


	Explorers cove
	Disturbed
	3150
	5
	-77.5665830
	163.4934500
	13
	10 kya
	Anderson et al., 2014; Fountain et al., 2014


	Mount Rae
	Hoare Basin, Taylor Valley
	Disturbed
	233
	4
	-77.6005850
	162.8507150
	1057
	 
	Bockheim et al., 2008


	Lake Hoare
	Disturbed
	3007
	11
	-77.6349830
	162.8888000
	129
	21-12 kya
	Stuiver et al., 1981; Burkins et al., 2000; Hall et al., 2000; Bockheim et al., 2008


	Campbell Terrace
	Bonney Basin, Taylor Valley
	Undisturbed
	1445
	8
	-77.6787330
	162.5009830
	957
	120-70 kya
	Burkins et al., 2000; Hall et al., 2000; Bockheim et al., 2008


	Lake Bonney
	Disturbed
	470
	11
	-77.7250000
	162.3120000
	77
	21-12 kya
	Stuiver et al., 1981; Burkins et al., 2000; Hall et al., 2000; Bockheim et al., 2008


	Miers Valley, high
	Miers Valley
	Undisturbed
	4831
	10
	-78.1166720
	163.7507920
	516
	 
	 


	Lake Miers
	Disturbed
	794
	13
	-78.1005970
	163.8091190
	167
	26-5 kya
	Clayton-Greene et al., 1988; Joy et al., 2017


	Garwood Valley, high
	Garwood Valley
	Undisturbed
	1647
	7
	-78.0379670
	163.8748330
	581
	 
	 


	Lake Garwood
	Disturbed
	528
	12
	-78.0264780
	163.8512080
	351
	26-5 kya
	Levy et al., 2013; Joy et al., 2017


	Wall Valley
	Victoria Valley
	Undisturbed
	237
	10
	-77.4955000
	160.8651000
	1617
	 
	 


	Lake Vida
	Disturbed
	90
	7
	-77.3822500
	161.8178500
	108
	300-120 kya
	Calkin, 1963; Bockheim and McLeod, 2013; McGowan et al., 2014





Fryxell Basin, Hoare Basin, and Bonney Basin comprise Taylor Valley.






2.3 Soil extraction

We collected 500 g of the top 10 cm of soil at each site using clean plastic scoops and sterile Whirlpak® bags during the Austral summer between 1996 to 2022. A GPS point of each site was recorded and used for analyses. We transported soils within 48 hours to the Crary Science and Engineering Laboratory at McMurdo Station where they were stored at 4°C until soil invertebrate collection and geochemistry analyses could be performed within 48 hours. We performed a modified sugar centrifugation extraction (Freckman and Virginia, 1993) with a subsample of 100 g to calculate metazoan abundance. We counted soil invertebrates and identified to species, as living or dead, life stage (juvenile or adults), and sex under an inverted microscope (Olympus CKx41, Tokyo, Japan). We measured soil moisture, pH, and electrical conductivity following standard protocols of the MCM LTER project (https://mcm.lternet.edu/content/soil-elevational-transect-experiment). Subsequent subsamples of 100 g were extracted in the same way at Brigham Young University to collect individuals of S. lindsayae for molecular analyses. All soil samples from which S. lindsayae individuals were extracted for this study are archived in the Monte L. Bean Life Sciences Museum frozen soil repository at Brigham Young University. These samples remain available for subsequent morphological, molecular, or ecological analyses. While museum catalog numbers have not yet been assigned, each sample is uniquely identified by its site name and collection metadata. These identifiers, along with sample-specific information sufficient for retrieval, are provided in Supplementary Table 1.




2.4 PCR amplification and sanger sequencing

Following nematode DNA extraction methods of Powers and Harris (1993), we hand-picked individual S. lindsayae with an eyelash pick into 10 μl of sterile elution buffer on a cover slip. Using a sterilized 10 μl micropipette tip, we ruptured the nematode by gentle pressure and confirmed the lysate. To a 0.2 ml microcentrifuge tube we pipetted the lysate and 5.2 μl of sterile water used to clean the cover slip. We combined nematode lysate with 2.4 μl each of 20 μM diluted forward primer (COI-Scott-F1: 5’-GTTACAACTTTTTTGCTTATTCTCTCAC-3’) and reverse primer (COI-Scott-R2: 5’-CTGTAAAATAAGCTCGACTRTCWG–3’). Some extractions were performed with an alternative reverse primer with higher fidelity but shorter sequence reads (COI-Scott-R4 5’-GCRTCRATACCTGTTACRTATATRTG-3’). This was done due to lack of successful amplification with the initial primer. We added 15 μl of JumpStart™ REDTaq® ReadyMix™ Reaction Mix (Sigma-Aldrich, DE) to the mixture, vortexed for 30 seconds (sec) to mix, and then placed the mixture into a DNA thermal cycler (Mastercycler X50s, Eppendorf, Germany) with the following cycling parameters: initial denaturation at 94°C for 5 min, 40 cycles of denaturation at 94°C for 30 sec, annealing at 58°C for 30 sec, extension of 0.5°C/sec ramp to 72°C for 90 sec, followed by a final extension at 72°C for 5 min and held at 4°C.

Following PCR amplification, we screened the products on a 1% TAE agarose gel stained with ethidium bromide and visualized with a UV image capture (GelDoc Go, Bio-Rad Laboratories, USA). Successful DNA amplifications were cleaned with a magnetic bead cleaning protocol. We added Mag-Bind® TotalPure NGS (Omega Bio-tek, GA) in a 1.2× concentration to the remaining PCR product, vortexed for 10 min at 2,000 rpm, centrifuged for 5 sec, and followed the standard Omega Bio-tek protocol. We quantified DNA with a Quibit 4 Fluorometer (Invitrogen, USA). Finally, we diluted or concentrated products to 10 ng DNA for Sanger dideoxy sequencing at the Brigham Young University Sequencing Center (Provo, UT).

To ensure highly divergent populations based on COI data did not warrant further investigation as divergent species (Smythe et al., 2019; Ahmed et al., 2022), we sequenced the nuclear Large Ribosomal Subunit (LSU). With the exception of a 52°C annealing step, we used the same DNA template, extraction protocol, PCR cycling parameters, and sequencing chemistry used for the most genetically divergent COI populations: Beacon Valley upper, Lake Bonney, Campbell Terrace, Gurkha Peak, Lake Hoare, Levy Cirque, Mount Rae, Mount Suess peak, and Lake Vida. We used Nadler et al. (2006) primers: forward primer (F-LSU-391: 5’- AG CGGAGGAAAAGAAACTAA-3’) and reverse primer (R-LSU-501: 5’-TCGGAAGGAACCAGCTACTA-3’) to sequence 965 base pair (bp) of the LSU gene.




2.5 Genetic analysis

We verified sequences for the intended loci by comparing them using the NCBI reference database and confirmed the coding sequence did not contain early termination codons, numts (Bensasson et al., 2001), or indels. We aligned sequences in Geneious Prime® 2022.2.2 (https://www.geneious.com, New Zealand) using the default settings of MAFT Alignment v7.490. We subsequently trimmed consensus sequences and checked for ambiguities or missing nucleotides using Geneious Prime® 2022.2.2. Out of 838 individual nematodes, 249 yielded successful mtDNA amplificons of 284 base pairs in length which were subsequently aligned and mapped to the reference sequence for further analyses of populations’ genetics. The number of sequences processed may not have captured all possible haplotypes (Supplementary Figure 1; Brown et al., 2012). Additionally, 30 LSU sequences, 922 base pairs in length were aligned and mapped to the reference genome. These were found to have no diversity and were not used for downstream analysis. We accessioned the partial COI and LSU sequences in the NCBI GenBank database (OP456699-OP456947 and OP692666-OP692695, respectively).




2.6 Population genetic analyses

All population genetic analyses were conducted using the aligned 284 bp COI mtDNA sequences. We calculated metrics on haplotype number (Hap), haplotype diversity (h), number of polymorphic sites (P), and nucleotide diversity (π) for each population using ARLEQUIN v3.5.2.2 2 (Excoffier and Lischer, 2010). To determine the qualitative population structure, we produced median-joining haplotype networks designating the sample site and the valley system using pegas package (Paradis, 2010) and haplotype (Aktas, 2020) following the code provided by Toparslan et al. (2020) using R Studio (R Core Team, 2002). We also constructed a dendrogram stratified by sampling site populations and valley system constructed in poppr 2.9.3 using Nei’s D genetic distance measure (Nei, 1972) with 1,000 bootstrap replications. Although the data may have limited power to recover true phylogenetic relationships (Ballard and Rand, 2005), we reconstructed a maximum likelihood phylogenetic tree of all sequences to further represent the evolutionary relationships among sample sites using HKY+F+G4 as the evolutionary model determined the most appropriate for mitochondrial DNA sequence evolution by IQ-tree’s model finder (Kalyaanamoorthy et al., 2017; Minh et al., 2020), 10,000 bootstrap resample iterations, and Acrobeloides varius COI as the outgroup (Accession number: KX889087.1). The resulting tree was visualized and manipulated using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

To quantitatively assess genetic structure, we calculated pairwise FST from pairwise nucleotide differences among sites and among valleys. We estimated the statistical significance with 1,000 permutations implemented in ARLEQUIN using the Kimura 2-parameter model (Kimura, 1980). We chose this model because it was most similar to the best fit model (see above). Pairwise uncorrected (p distance) and corrected (Kimura 2P with gamma 4 parameter rate; K2PG4) genetic distances were generated in Molecular Evolutionary Genetic Analysis (MEGA 11.0.13). Finally, we assessed the genetic structure among valleys and sampling sites by performing an analysis of molecular variance (AMOVA) with ARLEQUIN (Kimura 2P distance method) grouping by ten valleys (Table 1).




2.7 Demographic history

To evaluate the demographic history of S. lindsayae populations, we calculated Tajima’s D and Fu’s Fs in ARLEQUIN with 1,000 permutations. These statistics were used descriptively to explore departures from neutral expectations and to support patterns observed in Bayesian skyline plots, particularly regarding recent population expansions (significant negative values) or contractions (positive values). Because these tests were not used for formal hypothesis testing or multiple comparisons, and were interpreted in conjunction with other demographic metrics, we did not apply a multiple testing correction.

To further assess the effect of the LGM disturbance event on S. lindsayae, we used Bayesian skyline plots (BSPs) at each valley and for the combined valleys of Taylor, Miers, and Garwood given the lack of significant genetic differentiation and monophyly of the three valleys. BSPs (Drummond et al., 2005) were constructed in BEAST v2.6.7 (Bouckaert et al., 2019) using the following priors: gamma site model with 4 categories, an HKY empirical evolutionary model as determined by IQ-tree, a strict clock with a molecular rate of 4.7 E -8 substitutions per site per year as determined by the evolutionary rate of Caenorhabditis elegans mitochondria DNA (Denver et al., 2000; Xu et al., 2012), and the calculated natural life span of S. lindsayae (Overhoff et al., 1993) and the number of days with an average temperature above freezing in the MDVs (Hudson et al., 2022) given that days below freezing pause the life cycle in a cryptobiotic state and must be accounted for in the in situ life span of S. lindsayae. All models were run with 20,000,000 permutations and reached an ESS score over 200. While mitochondrial DNA is not recommended as the best marker for assuming contemporary population size (Galtier et al., 2009), BSPs provide a rough estimate of effective population size change and are used here in a more relative manner to compare valleys.




2.8 Environmental parameters

To assess the statistical significance of environmental conditions on genetic variation, we analyzed the correlation of intrapopulation genetic differentiation (within population FST) and haplotype diversity within a population to elevation, soil moisture, electrical conductivity, distance to the coast, and glacial history with generalized linear models in the stats package in Program R (R Core Team, 2002). We then determined the best fitting model based on Akaike Information Criteria adjusted for small sample size (AICC; Akaike, 1973) using AICcmodavg package (Mazerolle, 2020) and MuMIn package (Bartoń, 2022) to average top models. Distance to the coast and elevation were correlated and not considered in the same models. We estimated distance to the coast with GPS and Google Earth Pro. Assumptions for residuals and normalcy were validated on the top model. Top models with a weight (Wi) above 0.05 were averaged and used to calculate the 85% confidence interval of the top parameters to determine the strength of the relationships between ecological conditions and genetic response.





3 Results



3.1 Genetic diversity

We identified high levels of genetic diversity among S. lindsayae across all valleys. Of the 249 sequences (~ 12 per site), 55 haplotypes were recovered with 39 (70%) being unique to a sampling site and 41 (75%) being unique to a valley. Haplotypes varied with 52 polymorphic sites (Supplementary Figure 2). The lowest haplotype diversity was found in isolated sites - Beacon Valley Lower, Battleship Promontory, Mount Suess lower, and Pegtop Mountain had one recovered haplotype each. Wright Valley’s Dais population had the highest haplotype diversity. Garwood Lake had the highest nucleotide diversity. We found high levels of genetic distance (≤ 7.4%; Table 2; Supplementary Figure 4) for corrected K2PG4 genetic distance, differentiation (FST ≤ 0.996; Table 3), and haplotype diversity (h = 0.926; Table 3) across McMurdo Dry Valleys’ nematodes.


Table 2 | Genetic differentiation (FST) matrix among valley or lake basin calculated in ARLEQUIN using Kimura 2P gamma 4 model.
	
	Beacon valley
	Alatna valley
	Wright valley
	Mackay glacier
	Fryxell basin
	Miers valley
	Garwood valley
	Victoria valley
	Hoare basin



	Beacon Valley
	 
	 
	 
	 
	 
	 
	 
	 
	 


	Alatna Valley
	0.450
	 
	 
	 
	 
	 
	Top 15%
	 


	Wright Valley
	0.382
	0.194
	 
	 
	 
	 
	Bottom 15%
	 


	Mackay Glacier
	0.726
	0.422
	0.165
	 
	 
	 
	 
	 
	 


	Fryxell Basin
	0.809
	0.619
	0.502
	0.630
	 
	 
	 
	 
	 


	Miers Valley
	0.870
	0.656
	0.534
	0.659
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	Garwood Valley
	0.638
	0.370
	0.287
	0.470
	0.095
	0.154
	 
	 
	 


	Victoria Valley
	0.582
	0.186
	0.100
	0.369
	0.535
	0.580
	0.290
	 
	 


	Hoare Basin
	0.904
	0.669
	0.540
	0.667
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	0.182
	0.595
	 


	Bonney Basin
	0.931
	0.710
	0.569
	0.707
	0.098
	0.219
	0.245
	0.651
	0.132





Locations reflect the pooled population from the respective valley or basin. Red-filled cells correspond to FST values in the bottom 15%. Blue-filled cells correspond to values in the top 15%. All comparisons are statistically significant except for those that are shaded in grey stripes.




Table 3 | Molecular diversity metrics for each sampling site population including number of sequences (N), number of haplotypes with number of unique haplotypes (Hap()), number of polymorphic sites (P), haplotype diversity (h), nucleotide diversity (π), intra-population genetic differentiation (Kimura 2P FST).
	Population
	N
	Hap
	P
	h ± SD
	π ± SD
	Within Pop FST ± SD



	Levy Cirque
	16
	5 (2)
	16
	0.450 ± 0.151
	0.0082 ± 0.0053
	2.33 ± 1.34


	Beacon Valley Upper
	8
	1 (0)
	0
	0
	0.0005 ± 0.0009
	0


	Beacon Valley Lower
	13
	3 (1)
	1
	0.295 ± 0.156
	0.0005 ± 0.0009
	0.15 ± 0.23


	Battleship Promontory
	10
	1 (0)
	0
	0
	0
	0.00


	Alatna Valley
	13
	4 (2)
	12
	0.680 ± 0.112
	0.0119 ± 0.0073
	3.37 ± 1.85


	Dais
	7
	6 (6)
	16
	0.952 ± 0.0955
	0.0191 ± 0.0120
	5.43 ± 2.98


	Labyrinth
	7
	2 (0)
	14
	0.476 ± 0.171
	0.0247 ± 0.0152
	7.03 ± 3.76


	Hawkings Cirque
	14
	3 (1)
	2
	0.648 ± 0.0813
	0.0028 ± 0.0024
	0.81 ± 0.62


	Brownworth
	6
	3 (1)
	18
	0.600 ± 0.215
	0.0338 ± 0.0209
	9.59 ± 5.13


	Mount Suess Top
	7
	2 (0)
	11
	0.571 ± 0.120
	0.0233 ± 0.0143
	6.61 ± 3.55


	Mount Suess Bottom
	16
	1 (0)
	0
	0
	0
	0


	Pegtop Mountain
	2
	1 (1)
	0
	0
	0
	0


	Wall Valley
	10
	3 (1)
	12
	0.644 ± 0.101
	0.0124 ± 0.0078
	3.53 ± 1.96


	Lake Vida
	7
	5 (1)
	28
	0.857 ± 0.137
	0.0427 ± 0.0252
	12.10 ± 6.25


	High Miers
	10
	5 (1)
	7
	0.844 ± 0.080
	0.0103 ± 0.0067
	2.93 ± 1.68


	Lake Miers
	13
	5 (2)
	21
	0.744 ± 0.087
	0.0193 ± 0.0111
	5.47 ± 2.82


	High Garwood
	7
	3 (1)
	5
	0.667 ± 0.160
	0.0061 ± 0.0052
	2.03 ± 1.29


	Garwood Lake
	12
	5 (1)
	23
	0.727 ± 0.113
	0.0442 ± 0.0242
	12.50 ± 6.09


	Campbell Terrace
	8
	4 (1)
	7
	0.643 ± 0.184
	0.0086 ± 0.0059
	2.44 ± 1.47


	Lake Bonney
	11
	5 (3)
	2
	0.764 ± 0.107
	0.0022 ± 0.0021
	0.62 ± 0.53


	Mount Rae
	4
	3 (2)
	2
	0.833 ± 0.222
	0.0035 ± 0.0035
	1.00 ± 0.83


	Lake Hoare
	11
	4 (2)
	8
	0.746 ± 0.098
	0.0146 ± 0.0089
	4.14 ± 2.23


	Lake Fryxell
	12
	8 (4)
	23
	0.894 ± 0.078
	0.0192 ± 0.0112
	5.46 ± 2.83


	Mount Falconer
	11
	6 (4)
	20
	0.836 ± 0.089
	0.0224 ± 0.0130
	6.35 ± 3.26


	Gurkha Peak
	9
	3 (0)
	5
	0.556 ± 0.165
	0.0068 ± 0.0048
	1.92 ± 1.20


	Explorers Cove
	5
	4 (2)
	13
	0.900 ± 0.161
	0.0196 ± 0.0133
	5.57 ± 3.22





SD indicates standard deviation from the mean. Sample sites with lake in the name are soils collected adjacent to contemporary lake shorelines.



From nine sampling sites with high genetic divergence based on COI sequences, 30 LSU sequences were analyzed. These sequences were 100% identical to the reference sequence from Boström et al. (2011), excepting two ambiguous base calls in two individuals. Accession number HM439773.1 (LSU sequence data not shown).




3.2 Phylogeography

Populations of S. lindsayae were highly structured in the MDVs based around valley systems and geographic proximity. The haplotype network revealed two high frequency haplotypes (haplotype 6 and 24; Figure 3). Haplotype 6 was shared among 13 sites (50% of the sampling sites) and was found in the Lake Brownworth basin and all of the Miers, Garwood and Taylor valley sample sites. Haplotype 24 was found only in Beacon sites, Hawkings Cirque, and Victoria Valley sites (see Table 1 for sites within each valley). In total, 39 haplotypes were restricted to a specific sampling site and the remaining 16 haplotypes were shared among more than one site. Haplotypes 21, 13, 9, 13, and 28 were shared only among the valleys disturbed during the LGM (Taylor, Miers, and Garwood) while haplotypes 30, 3, 54, 48, 4, and 25 were found in the more northerly and undisturbed valleys (Beacon, Alatna, Mackay Glacier, Victoria, and Wright). Only three haplotypes were shared across these two clusters, Haplotypes 23, 10, and 12.
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Figure 3 | Haplotype network depicting haplotype associations and spread among sample site populations. Color corresponds to a sampling site; size of pie slice reflects the number of individuals with the designated haplotype; tick marks indicate a single mutation event distinguishing one haplotype from another. Warmer colors are associated with the northern valleys – Alatna, Mackay Glacier, Victoria, and Wright. The cooler colors designate Taylor, Miers, and Garwood valleys. White and grey designate haplotypes from the westerly isolated Beacon Valley.

The majority of sampled site populations had high genetic differentiation. Pairwise FST values ranged from 0.000 to 0.996 among sampling site populations (Figure 4, Supplementary Figure 5). FST values were highest among the sampling sites from undisturbed valleys (Mount Suess top and bottom, Battleship Promontory, Beacon Valley upper and lower, Levy Cirque, Hawkings Cirque, Pegtop Mountain, Alatna Valley, Wall Valley, Labyrinth, and Dais). Even sites within the same valley system contained statistically significant, high FST scores. Sample sites from Lake Vida, Taylor, Miers, and Garwood (Mount Rae, Miers mountainside, Garwood mountainside, Campbell Terrace, Lake Hoare, Gurkha Peak, Lake Bonney, Lake Fryxell, Lake Miers, Explorer’s Cove, and Lake Garwood) had much lower FST scores, averaging 0.176. Lake Vida and Lake Garwood populations had lower pairwise genetic divergence across all sampled sites.
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Figure 4 | Genetic differentiation matrix calculated with Kimura 2P Gamma 4 test between sample site populations calculated in ARLEQUIN. Darker colors indicate larger FST values between two populations designated on the horizontal and vertical axes. “X” marks correspond to p-values < 0.05.

Among all valleys, pairwise FST ranged from 0.007 to 0.931 with all comparisons being significant except for Hoare Basin to Miers Valley, Hoare Basin to Fryxell Basin, and Miers Valley to Fryxell Basin (Table 2, Supplementary Figure 3). The greatest genetic differentiation was between Beacon and Bonney Basin (FST = 0.931; p = 0.000 E-5) and Beacon and Hoare Basin (FST = 0.904; p = 0.000 E-5). Pairwise genetic divergence from disturbed valleys – Taylor, Miers, Garwood, and Wright – contained FST values among the bottom 15%.

Based on the analysis of molecular variance, we found that S. lindsayae population structure was not part of a panmictic population as the majority of the variance did not arrive from within populations (Table 4). The majority of the variance was found among valleys (% variance = 41.56.3; σ = 2.72; p < 0.00). Variance among samples within populations accounted for the least variance (% variance = 28.34; σ = 1.85; p < 0.00. This provided evidence that populations were structured by valleys.


Table 4 | Analysis of molecular variance (ANOVA) indicating population structure is dominated by valley.
	Source of variation
	d.f.
	Sum of squares
	Variance components (Σ)
	Percentage of variation
	p value



	Within Populations
	223
	412.88
	1.85
	28.34
	p < 0.0001


	Among sites within same valley
	16
	309.96
	1.97
	30.11
	p < 0.0001


	Among valleys
	9
	806.68
	2.72
	41.56
	p < 0.0001


	Total
	248
	1529.52
	6.53
	 
	 





Degrees of freedom (df) sum of squares indicate how much of the total variance can be attributed to each source.



The dendrogram constructed with Nei’s D and the ML tree additionally validated that populations were structured by valley system (Figure 5, Supplementary Figure 5). Both solutions revealed two broad clusters of populations. Clade B, composed of all sampled populations from Taylor, Miers, and Garwood valleys formed a well-supported monophyletic group (bootstrap support = 99.9%), suggesting recent shared ancestry and genetic connectivity across these glacially disturbed valleys. In contrast, Clade A, which includes populations from Beacon, Alatna, Victoria, and Wright valleys, represents the best-supported grouping of undisturbed refugial sites. However, nodal support for the monophyly of Clade A is weak, and several internal nodes within the group are also poorly resolved. While this pattern is consistent with broad biogeographic structuring by glacial history, we interpret the monophyly of Clade A with caution due to limited statistical support.

[image: Dendrogram showing two clusters labeled A and B, illustrating relationships among various locations. Cluster A includes sites like Lake Vida and Levy Cirque, while Cluster B includes Mount Falconer and Lake Fryxell. Bootstrap values are indicated at the nodes. The outgroup is labeled as "Acrobeloides varius."]
Figure 5 | Dendrogram of pooled sequences using Nei’s D from each sample site population (1,000 bootstrap replicates). The COI sequence of Acrobeloides varius, South Korea is used to root the tree. Populations in clade B include those from Taylor Valley sites: Mt Falconer, Gurkha Peak, Explorer’s Cove, Lake Fryxell, Campbell Terrace, Lake Bonney, Mt Rae, Lake Hoar, Clade A is composed of sites from Alatna (Alatna Valley and Battleship Promontory), Victoria Valley (Lake Vida and Wall Valley), Mackay Glacier (Mt Suess and Pegtop Mountain), Wright Valley (Lake Brownworth, Dais, Labyrinth, Hawkings Cirque), and Beacon Valley (Lower and Upper Beacon, Levy Cirque).




3.3 Demographic history

Bayesian skyline plots (BSPs) indicated that all populations have experienced recent demographic shifts occurring in the time since the LGM (Figure 6). Small sample sizes or loss of genetic information during population fluctuations may have contributed to the apparent stability of populations prior to the LGM, and may have caused an underestimation of population expansions in the BSPs (Grant, 2015). All undisturbed valleys (Alatna, Mackay Glacier, Victoria, and Wright) except Beacon Valley, shared a pattern of declining effective population size since the time of the LGM (20 kya to present). Conversely, Taylor Valley populations reported an increase in estimated population size following the LGM. Because Taylor, Miers, and Garwood form a monophyletic clade with limited genetic divergence, they were considered a population in BSP and likewise revealed a pattern of population increase around the time of the LGM. Beacon Valley also had a pattern of population increase since the LGM.
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Figure 6 | Bayesian skyline plots (BSPs) constructed for (A) Taylor, Miers, and Garwood (n = 71); (B) Beacon Valley (n = 37; (C) Alatna Valley (n = 23); (D) Mackay Glacier (n = 25); (E) Victoria (n = 17); and (F) Wright Valleys (n = 34). The x-axis represents time from the present with present day aligned on the right. The time of the LGM is shaded. The y-axis represents the effective population size. The center line is the median estimate. The upper and lower lines indicate highest posterior density intervals.

Patterns associated with the haplotype network likewise support the pattern of a recent population expansion in Taylor, Garwood, and Miers with one central haplotype and several satellite haplotypes only one or two mutations removed. Comparatively, the undisturbed northern and western valleys contain haplotypes associated with patterns of long-term isolation associated with several haplotypes with similar frequencies that were several mutations distant.




3.4 Environmental parameters

We ran generalized mixed linear models to test the influence of these environmental conditions (elevation, soil moisture, electrical conductivity, distance to the coast, and glacial history) on genetic diversity and report AICC model selection results with AICC, weight, delta, and independent variable correlation. We developed 19 models and advanced models with Wi > 0.05 for conditional model average (Tables 5, 6; full list of models Supplementary Figure 6). Intra-population FST had a negative relationship with elevation across the top four models (ß = -0.006 ± 0.003, 85% CI = -0.010 to -0.002 Wi = 81%; Table 5). However, intra-population FST had a positive relationship with elevation where soils had higher water content (ß = 9.15e-4 ± 4.25 E -4, 85% CI = 2.81e-4 to 1.55e-3, Wi = 37%). Soil moisture had a negative relationship with intra-population FST and was a parameter in three of the top four models (ß = -0.590 ± 0.400, 85% CI = -1.18 to -0.003, Wi = 63%). Glacial history and electrical conductivity were also parameters in the top models but did not exhibit significant influence over intra-population genetic divergence. Ultimately elevation appears to explain the most variation in intra-population genetic divergence (R2 = 0.240, p = 0.012).


Table 5 | Model selection for within population genetic divergence and ecological conditions.
	Within population FST


	Model parameters
	df
	AICC
	Δ
	Wi



	Elevation + Soil Moisture + Elevation × Soil Moisture
	5
	139.62
	0.00
	0.37


	Elevation + Soil Moisture
	4
	141.49
	1.87
	0.15


	Elevation + Glacial History
	4
	142.34
	2.73
	0.09


	Elevation + EC
	4
	142.34
	2.73
	0.10


	Model Parameter
	Weight %
	β
	85% CI


	Intercept
	100
	8.29 ± 2.08
	5.24 to 11.3


	Elevation
	81
	-5.65e-3 ± 2.69e-3
	-0.010 to -0.002


	Soil moisture
	63
	-0.593 ± 0.402
	-1.18 to -0.003


	Elevation × soil moisture
	37
	9.15e-4 ± 4.25e-4
	2.81e-4 to 1.55e-3


	Glacial history
	32
	0.376 ± 2.20
	-2.90 to 3.66


	Electrical Conductivity
	22
	-0.180 ± 1.09
	-1.80 to 1.44





Ecological conditions included elevation (mamsl), soil moisture (%g/g), glacial history, electrical conductivity (EC; dS/m), and distance to the coast (km). We report (top) the models with Wi > 0.05 selected from 19 initial models showing each parameter per model (model parameter), degrees of freedom (df), Aikaike’s Information criterion (AICC), difference in AICC value comparted to top model (Δ), and AICC model weight (Wi). Models with Wi > 0.05 were judged to contain informative parameters and were included in conditional model averaging (bottom). We report model weight, β estimates, and 85% confidence intervals for conditional averaged parameter estimates from the top models.




Table 6 | Model selection for haplotype diversity and ecological conditions. Ecological conditions included elevation (mamsl), soil moisture (%g/g), glacial history, electrical conductivity (EC; dS/m), and distance to the coast (km).
	Haplotype diversity


	Model parameters
	df
	AICC
	Δ
	Weight



	Elevation + Glacial History + Elevation × Glacial History
	5
	2.63
	0.00
	0.76


	Elevation + Glacial History
	4
	5.43
	2.80
	0.19


	Model Parameter
	Weight %
	β
	85% CI


	Intercept
	100
	0.893 ± 0.108
	0.732 to 1.05


	Elevation
	100
	-1.11e-3 ± 3.43e-4
	-0.002 to -6.05e-4


	Glacial History
	95
	0.165 ± 0.248
	-0.200 to 0.531


	Elevation × Glacial History
	76
	7.82e-4 ± 3.31e-4
	2.89e-4 to 0.001





We report (top) the models with Wi > 0.05 selected from 19 initial models showing each parameter per model (model parameter), degrees of freedom (df), Aikaike’s Information criterion (AICC), difference in AICC value comparted to top model (Δ), and AICC model weight (Wi). Models with Wi > 0.05 were judged to contain informative parameters and were included in conditional model averaging (bottom). We report model weight, β estimates, and 85% confidence intervals for conditional averaged parameter estimates from the top models.



Haplotype diversity was influenced by elevation and glacial history. The top model (Wi = 76%) included elevation, glacial history, and their interaction. While the model retained a positive relationship between elevation and haplotype diversity in undisturbed sites, the effect size was modest (ß = 7.82 X10-4). This relationship is visually represented in Figure 7, though the trend line appears more pronounced than the spread of data points due to the compressed range of elevation values and limited number of undisturbed high-elevation sites. We interpret this effect as statistically significant but not strongly predictive on its own. The second-best model (Wi = 19%) had simplified parameters that included glacial history and elevation, but not the interaction (Table 6). From these top two models, haplotype diversity had a positive relationship with undisturbed glacial history but not strongly (ß = 0.165 ± 0.248, 85% CI = -0.200 to 0.531, Wi = 95%), a negative relationship with elevation (ß = -0.001 ± 3.43e-4, 85% CI = -1.61e-3 to -6.05e-4, Wi = 100%), and a positive relationship with elevation when the glacial history is undisturbed (ß = 7.82e-4 ± 3.54e-4, 85% CI = 2.89e-4 to 1.28e-3, Wi =76%). We included population abundance in a secondary model selection to determine if haplotype diversity or lineage divergence was confounded by abundance of individuals in a site. We found that population abundance was not a parameter in the top models for haplotype diversity. It was among the top two models for intra-population structure but was not significant.

[image: Scatter plot illustrating haplotype diversity (h) over elevation in meters, distinguished by glacial history with symbols. Diverse populations are shown in different colors. Dotted line indicates elevation trend, dashed line shows elevation and glacial history interaction.]
Figure 7 | Distribution of haplotype diversity across sites by elevation and glacial history. Shapes indicate glacial history (triangles = undisturbed, circles = disturbed); colors represent sampling sites. The dashed line shows the fitted relationship between elevation and haplotype diversity for undisturbed sites, as estimated by the top mixed linear model. While the model indicates a positive relationship, the effect size is modest and visually subtle due to the limited range of high-elevation undisturbed sites. The dotted line shows the relationship for disturbed sites, which was not significant. Haplotype diversity was calculated from COI sequences for each site.





4 Discussion



4.1 Phylogeographic structuring and taxonomic implications

We found that the MDV genetic structure of S. lindsayae is demarcated by valley system except where historical climate disturbance has created opportunity for migration and gene flow. Geomorphic barriers like glaciers and intervening mountain ranges have been effective barriers to inferred connectivity, causing accumulation of distinct genetic variations. Glacial recession following the LGM may have aided migration of soil nematodes. We also found that current ecological conditions were able to predict genetic diversity within populations. We found that S. lindsayae populations across the MDVs contained highly conserved rRNA sequences across valley systems, most likely indicating this is a single species despite high genetic divergences of the COI gene. Our results are consistent with observations by Courtright et al. (2000) who found a single species and several subpopulations in the MDVs and Velasco-Castrillón and Stevens (2014) who identified limited genetic distance consistent with a single species across the continent. Our study represents a more geographically constrained and detailed synthesis of the population structure of S. lindsayae in the MDVs. We found high levels of genetic distance (p distance ≤ 7.4%), differentiation (FST ≤ 0.996), and haplotype diversity (h = 0.926) that identify endemic subpopulations with long-term geographic isolation and population structure excepting large-scale climate disturbance events such as glacial advance and retreat. These results reveal the deterministic processes underlying metazoan population structure and specifically the strong influences of space, climate disturbance, and ecological conditions over genetic patterns.

Our phylogenetic analyses revealed a strongly supported clade (Clade B) composed of populations from valleys disturbed during the LGM, supporting a scenario of post-disturbance recolonization and recent gene flow. Populations from undisturbed valleys clustered into a second group (Clade A), though weak bootstrap support for this clade suggests that its monophyly remains tentative. Interestingly, the poor resolution of deeper nodes within Clade A may reflect a period of rapid diversification among populations in high-elevation valleys that remained isolated through the LGM. This pattern is consistent with long-term geographic isolation followed by early divergence and limited subsequent gene flow. Bayesian skyline plots for these valleys also support this interpretation, showing demographic stability or gradual decline since the LGM—indicative of long-established, independently evolving populations rather than recent expansions. While this lends further support to the refugial history of these populations, the lack of deep phylogenetic resolution underscores the need for future work using multilocus or genomic data to more accurately reconstruct their divergence history and assess potential cryptic speciation.

Notably, the deep divergence among some COI haplotypes, particularly between the two major clades, approaches levels commonly associated with interspecific differences in other nematodes. These patterns raise the possibility that S. lindsayae, as currently described, may represent a complex of independently evolving lineages rather than a single cohesive species. While the conserved LSU sequences suggest genetic continuity, the COI divergence is consistent with emerging evidence in other Antarctic invertebrates where mitochondrial lineages reflect cryptic species. This warrants further investigation using multilocus nuclear markers and formal species delimitation analyses to determine whether the divergent lineages identified here correspond to reproductively isolated taxa.

While mitochondrial DNA offers valuable resolution for inferring population structure, we recognize that our reliance on a single maternally inherited locus imposes limitations. COI does not capture recombination and may be subject to lineage-specific selective sweeps, potentially biasing demographic or phylogenetic inferences. Moreover, mitochondrial markers alone cannot disentangle male-mediated gene flow or provide independent estimates of coalescent times. Though our findings are consistent with other Antarctic metazoan phylogeographic patterns, future studies using nuclear multilocus or genomic datasets (e.g., RADseq or target capture) will be necessary to validate these patterns and resolve fine-scale demographic histories.




4.2 Spatial and temporal patterns of genetic divergence

Using a portion of the mitochondrial COI gene, we found that valley origin, and to a lesser degree geographic proximity, predicted genetic similarity. Frequently, population genetic studies find a strong correlation of genetic distance to geomorphic barriers or geographic distance supporting regionally defined populations (Khanal et al., 2018; Van Der Valk et al., 2018). Populations structured heterogeneously by barriers and distance have been consistently observed throughout Antarctic marine and terrestrial ecosystems (Convey et al., 2014; Harder et al., 2016) including the MDVs (Stevens and Hogg, 2006; Dreesens et al., 2014; Bennett et al., 2016). Consistent with patterns of Antarctic phylogeography, S. lindsayae genetic variance was regionally defined and followed geomorphic barriers.

The strength of geomorphic barriers in shaping population structure is an important consideration in assessing the spatial structure of Antarctic biodiversity. Even on fine scales such as the distance from Wright Valley to Taylor Valley only 20 km apart, populations of S. lindsayae were distinct and have evolved significantly high levels of pairwise genetic differentiation and genetic divergence. The intervalley mountain ranges running east to west have the strongest isolating effect on metazoan populations in the MDVs. Results of our AMOVA analysis corroborate this conclusion where we found valley origin to be a strong predictor of genetic variance. While geologic features like mountain ranges and glaciers prevent gene flow, simple geographic distance, to a lesser degree, also increased genetic divergence. Populations close together, in the same valley system, for example, exhibited much lower pairwise genetic differentiation than populations from different valleys that were separated by geomorphic barriers. Wind and water movement are known mechanisms of gene flow among metazoans at the intravalley level in the MDVs and potentially explain the patterns found here (Nkem et al., 2006b; Gooseff et al., 2011; McGaughran et al., 2019; Schulte et al., 2022).

The high degree of intraspecies genetic variation between valleys imply high endemism of valley populations of MDV nematodes (Adams et al., 2007). It is reasonable to find intraspecies variation aligned with geomorphic barriers for non-vagile species like soil nematodes. Given the long-term environmental stability of many of these high elevation refugial valleys and the absence of mechanisms for active dispersal, these patterns are consistent with extended periods of geographic isolation. However, in the absence of formal divergence time estimates, we are not able to assign a specific temporal scale to the origin of this structure. Instead, we interpret the observed patterns as reflecting historical isolation maintained over long durations, disrupted primarily by large-scale events such as glacial advance and retreat during the LGM. Thus, the refugial valleys that remained undisturbed through the LGM contain locally endemic subpopulations that have been evolving independently throughout the Pleistocene. It is likely that other dispersal-limited metazoan taxa of the MDVs are similarly structured by the same valley and geomorphic barriers.




4.3 Climate disturbance legacies

We found that typical patterns of genetic structuring due to geomorphological features (e.g., divergence among valleys) were disrupted by large-scale climate disturbance events, specifically glacial expansion and paleolake inundation during the LGM. It is well established that historical climate is reflected in phylogeographic patterns, including population structures of organisms in Antarctica where the LGM caused population contractions to local refugia and subsequent recolonization (Rogers, 2007; Keppel et al., 2012; Convey et al., 2020). The impact of the LGM on Antarctic metazoan diversity and population structure has been well documented for mite and springtail species (Demetras et al., 2010; Collins et al., 2019, 2020; McGaughran et al., 2019). Our results corroborate the influence of glacial expansion on phylogeographic patterns in a sentinel Antarctic metazoan. Given the high degree of lineage diversity in the context of phylogenetic reconstruction, our results provide evidence that much of the MDVs have remained habitable through the LGM while those that were inundated by glacial advance and paleolakes – Taylor, Miers, and Garwood – experienced local extinctions and subsequent recolonization.

Our results suggest that the LGM disturbance event may have facilitated connectivity and homogenization of subpopulations as glaciers receded at the end of the LGM. These results are similar to those found in Taylor Valley springtails with lower genetic divergence along the shoreline of paleolake Washburn (Nolan et al., 2006). Similarly, there was less pairwise genetic divergence between populations of S. lindsayae from valleys that experienced some degree of disturbance during the LGM indicating a possible mechanism of intervalley gene flow following glacial recession. Additionally, an examination of the relationship among haplotypes suggested two distinct phylogenetic groups, which differs from the conclusions of Courtright et al. (2000) and Adams et al. (2007). The evolutionary pattern of these two clades suggests glaciers shape more than just the geology and geography of the MDVs, but also the distributional patterns of subpopulations. Demographic histories among S. lindsayae populations of the MDVs are likely concordant with the timings of glacial and paleolake recession and the progression of habitable soil after the LGM and should be explored in future studies. Bayesian skyline plots support this interpretation by revealing signals of post-LGM population expansion in disturbed valleys (e.g. Taylor, Miers, Garwood), while undisturbed refugial valleys generally show demographic stability or gradual decline. These patterns, drawn from the haplotype network and phylogenetic analysis, suggest that climate disturbance events during the LGM played a large role in shaping the phylogeographic patterns and facilitating intervalley migration, particularly along glacial margins and forefields. While active dispersal across valley systems is unlikely for S. lindsayae, historical glacial expansions and retreats, such as the incursion of the Ross Sea Drift, may have temporarily bridged otherwise isolated valleys. These events could have enabled passive migration via continuous ice cover, soil redistribution, or meltwater pathways across low passes. Such mechanisms offer a plausible explanation for the genetic connectivity observed among populations in disturbed valleys. While these results are consistent with historical isolation and post-disturbance recolonization, we note that formal divergence time estimates were not calculated, and future studies using time-calibrated, multilocus data would be necessary to refine the temporal dynamics of these patterns.

Our results indicate that endemic populations are vulnerable to large scale climate disturbances and provides a line of evidence for long-distance dispersal of Antarctic soil nematodes along the margins of receding glaciers and shorelines. The disturbed valley populations exhibit resilience in the face of climate disturbance and ability to recolonize glacial forefields, but forfeit unique genetic lineages as found in undisturbed valleys.




4.4 Environmental constraints on genetic structure

Environmental conditions are important but often overlooked factors in generating phylogeographic patterns (Knowles and Maddison, 2002; Alvarado-Serrano and Knowles, 2014). Results from our analysis of model selection indicated that some ecological drivers may influence intra-population genetic differentiation and haplotype diversity. The abiotic conditions of the MDVs are frequently cited as drivers of species distributions in the MDVs (Hogg et al., 2006; Caruso et al., 2019) and especially when determining the presence of S. lindsayae (Poage et al., 2008; Wlostowski et al., 2018; Franco et al., 2021). These studies often utilize elevation (Lee et al., 2019; Bottos et al., 2020), soil moisture (Poage et al., 2008; Van Horn et al., 2013), electrical conductivity (Nkem et al., 2006a), and more recently, glacial history (Magalhães et al., 2012; McGaughran et al., 2014; Chen et al., 2017; Jackson et al., 2022) to characterize deterministic factors of biogeography. To date, studies of how these ecological interactions shape the genetic diversity of MDV soil metazoans have been lacking but are likely significant (Schierenbeck, 2017; Caruso et al., 2019).

Using just a few, but widely tested environmental factors – elevation, soil moisture, distance to the coast, electrical conductivity, and glacial history – we found some factors that were relevant to genetic diversity in this system. The top models for intra-population genetic divergence indicated that elevation and soil moisture were negatively correlated. This trend was reversed when considering the interaction of elevation and soil moisture. Valley floor habitats are the sink to down valley aeolian-transported materials (Diaz et al., 2018). Thus, it follows that lower elevations accumulate intravalley lineages and have more genetic differentiation in any given population. These results indicate higher potential for migration at valley floors through physical processes. Soil moisture is necessary for habitable soil and would be required for wind mediated transport. The negative correlation was surprising but could indicate a more homogenized population where S. lindsayae could move further through the interstitial, fluid-filled spaces. Higher elevation soils are typically less conducive for life and sufficient soil moisture provides the first indication that S. lindsayae populations can establish at these higher elevations and support relict populations capable of developing higher degrees of within population genetic differentiation. This is consistent with higher elevations, where, mediated by soil moisture, they contain larger variability in community structure (Andriuzzi et al., 2018). Considering haplotype diversity, we found that elevation was negatively correlated until the disturbance history was considered. Sites at low elevations had higher haplotype diversity perhaps owing to the reasons described above. However, haplotype diversity also increased in high elevation populations that have remained undisturbed, as these sites have been afforded stable habitats and time to develop evolutionary mutations and thus higher haplotype diversity. Such trends provide further support for high-elevation habitats as putative refugia. Environmental and ecological conditions play a role in structuring the genetic diversity of these soil organisms and should be further considered as an important component of long-term monitoring.

Community composition and the distribution of organisms in the MDVs is clearly driven by the environmental and ecological factors responsible for habitat suitability. By extension, it is reasonable to expect that genetic diversity is influenced by these conditions as well. Given the simplified biotic communities, well documented heterogenous abiotic conditions of the MDVs, and nearly universal distribution of S. lindsayae, this system provides a unique opportunity to test the influence of basic abiotic properties like elevation, soil conditions, and geologic history on genetic diversity and structure.




4.5 Conclusions

Our primary aim in this study was to explore the evolutionary response of the sentinel species S. lindsayae to historical climate disturbance. We found that climate history had a lasting impact on its population and genetic structure, resulting in demographic shifts and the emergence of distinct, isolated, and endemic subpopulations. Understanding how such patterns arose provides foundational context for interpreting ongoing and future changes. We suggest that future long-term monitoring studies should incorporate a phylogeographic perspective, as this can help identify populations with unique evolutionary histories, inform strategies to preserve existing genetic structure, and predict how climate-driven disturbances may alter the functional and evolutionary trajectories of Antarctic terrestrial ecosystems.
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Snow algae form extensive blooms within Antarctica’s coastal snowpacks and are a crucial contributor to its scarce terrestrial ecosystems. There is limited knowledge about the factors that contribute to snow algal bloom occurrence, distribution, ecological niche thresholds, or the prevalence of suitable conditions for bloom formation. To address these knowledge gaps and gain a clearer understanding of the current and potential future distribution of blooms, a habitat suitability model, using a Bayesian additive regression tree approach, was established. The model incorporated remotely sensed observations of blooms, physical environmental predictor variables, and snow melt modelling based on different climate scenarios. This was used to describe the ecological niche of snow algae and predict its occurrence at a landscape scale across the Antarctic Peninsula. The findings revealed that most habitable snow was predicted north of latitude 66° S, with patch density, area, and habitable elevation decreasing poleward. Factors that strongly influenced bloom presence were days of snow melt and aspect, with blooms of red-colored algae being associated with longer seasons and north-facing slopes. The model outputs also suggested heterogeneous preferences for environmental conditions amongst red and green snow algae blooms, suggesting a diversity of ecological niches for bloom-forming algae. Long-term climate-change impacts were difficult to discern as extreme summer temperatures and melt during the timeframe of this study in 2021 exceeded the projected 2100 temperatures for parts of the Antarctic Peninsula. However, warmer conditions produced a greater area of potentially habitable snow at higher elevation and latitude. Conversely, small and low-lying islands were predicted to lose habitable snow under a warming scenario. Model and training imagery both indicated that algal blooms are forming on snow-covered icecaps in the South Shetland Islands, suggesting greater potential for glacier-based algal blooms in the future, should recent trends for extreme summer temperatures persist.
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1 Introduction

The Antarctic Peninsula is a crucial indicator region for global climate change, having experienced exceptionally rapid warming in recent decades (González-Herrero et al., 2024; Clem et al., 2022). Increasing temperatures are changing the Peninsula’s landscape, with significant consequences for its ecosystems, generating greater snow and ice melt, along with increased occurrence of extreme weather events (Siegert et al., 2023), increased precipitation and new ice-free areas becoming available (Lee et al., 2017; Robinson, 2022). Antarctic snow and ice habitats have been particularly affected by climate change as warming temperatures have driven accelerated melting, as well as changes to seasonal melt dynamics, snow structure, chemistry, and precipitation patterns (Colesie et al., 2023).

Terrestrial snow and ice habitats in Antarctica, particularly in coastal regions, can be host to a variety of microorganisms such as bacteria, fungi and algae, as well as meiofaunal and invertebrate species (Pugh and Convey, 2008; Davey et al., 2019; de Menezes et al., 2019; Chown and Convey 2016). The algal component of the snow ecosystem is useful as a sentinel system for climate change, as thawing conditions within the snow can cause blooms to form in high densities and over large areas (Figure 1). In this state, the snow appears green or red and can be detected and monitored using satellite imagery (Hashim et al., 2016; Huovinen et al., 2018; Gray et al., 2020, 2021). Predictive models have forecast increasing loss and retreat of ice over the next century, with up to a 300% increase (depending on warming scenario) in ice-free territories across the Peninsula region from 2014 to 2100 (Lee et al., 2017). At the same time the zero-degree isotherm, north of which snow melt occurs, is shifting southwards (González-Herrero et al., 2024), potentially opening up new areas for bloom formation. Warmer temperatures and loss of ice and summer snowpacks will change the timing of availability and distribution of snow habitats along the Peninsula and could result in the disappearance of these habitats in some areas. Terrestrial snow and ice algae play important ecological roles in their environment, ranging from contributing to primary production and wider biogeochemical cycles, to influencing the albedo and physical structure of the snow or ice surface (Hodson et al., 2008; Gray et al., 2020; Khan et al., 2021). The consequences of major changes or loss of such habitat could, therefore, be ecologically significant for the region.

[image: Map showing the Antarctic Peninsula with highlighted locations, including Robert Island and Neumayer Channel. Separate images depict a snowy landscape with red-tinted snow and a person standing, and an icy coastal scene with algae on the snow and mountains in the background.]
Figure 1 | Study locations and bloom sites in the western Antarctic Peninsula region. (A) WorldView 2 and 3 image sites are shown in red, Robert Island ground validation site is highlighted in bold. Coordinates of these images are given in Table 1. (B) Example of a red snow algal bloom on Robert Island. (C) Example of a coastal green snow algal bloom at Anchorage Island, Ryder Bay. Photo credits (B) A. Gray, (C) M. Davey.

Although snow algae occur in polar and alpine areas globally (Benning et al., 2014; Hoham and Remias, 2020), Antarctic snow algae display several unique features, including regular bloom occurrence in coastal, nutrient rich snowpacks, and a higher proportion of endemic species compared to elsewhere in the world (Vyverman et al., 2010). Their contribution to ecological function in Antarctic and sub-Antarctic areas is also highly significant given the extent of the cryospheric habitat, and the limited presence of other photosynthetic life in the region. Despite their significance in Antarctica, our understanding of the processes and factors governing snow algal bloom occurrence remain limited due to the paucity of and challenges in obtaining regular in situ or remote sensed datasets. Snow melt duration (Roussel et al., 2024), light (Lavoie et al., 2005) and nutrient availability (Lavoie et al., 2005; Gray et al., 2020; Phillips-Lander et al., 2020; Roussel et al., 2024) have all been identified as important elements for production and bloom formation, though we lack the explicit link between Antarctic blooms and environmental conditions to assess what role these factors play, or to understand how prevalent bloom forming conditions are in Antarctica.

Previous distribution maps of snow algal blooms using remote sensing methods (Walshaw et al., 2024; Gray et al., 2020; Hashim et al., 2016; Huovinen et al., 2018) show the presence of green snow algae (GSA) across large parts of the coastal western Antarctic Peninsula region. However, satellite detection has limitations, as freely available imagery is generally too spatially coarse to detect small blooms, and too spectrally coarse to detect red snow algae (RSA) over very large areas without confounding false positives. For example, strong signals arising from iron-rich mineral debris within snow, when using band ratios to detect RSA (Chen et al., 2023). Higher resolution satellites, such as the WorldView platforms, are valuable assets for studying Antarctic ecology (e.g., Gray et al., 2021; Jawak et al., 2019; Sun et al., 2021). Their higher spectral resolution (relative to Sentinel 2 and Landsat) enables the detection of RSA alongside GSA (Gray et al., 2021), but the images are costly, and snapshots of a specific point in time meaning that it is difficult to view detailed changes in the dynamic snow habitat. On a physical level, all optical remote sensing methods are hampered by frequent cloud cover over the Antarctic Peninsula, limiting the number of available snapshots.

Habitat suitability modelling can complement remote sensing studies, addressing limitations in temporal resolution, spatial coverage, and data availability. Such models can explore how different environmental predictor variables influence occurrence, predict ecological preferences and distributions over a landscape scale, and forecast responses to climatic variability. For RSA, for example, Onuma et al. (2022) developed a model to estimate occurrence and growth dynamics on a global scale. However, the model differed mechanistically from a habitat suitability model, and related to the ecology of red blooms common in Arctic and alpine areas rather than the unique coastal green and red blooms found in Antarctica. Chen et al. (2023) explored seasonal RSA bloom development over King George Island with respect to climatic conditions but included significant areas of mineral debris within snow in their analysis, due to difficulties isolating RSA in Sentinel 2 imagery. An alternative approach to exploring the relationship between environmental factors and snow algae occurrence in Antarctica is to use models such as Bayesian additive regression trees (BART). BART provides a flexible and robust framework for ecological analysis due to its ability to handle nonlinear relationships, incorporate prior knowledge, and quantify uncertainty (Carlson, 2020; Chipman et al., 2010). In addition, due to the workflow wrapper developed by Carlson (2020), BART models have been gaining traction as a tool for modelling species distributions, including those of trees (Ahmadi et al., 2023) and marine invasive species (Poursanidis et al., 2022).

Our aim in this study was to understand the key factors contributing to the distribution of snow habitats capable of supporting blooms of snow algae throughout the Antarctic Peninsula region. To achieve this, we combined high-resolution satellite observations of snow algal blooms into a BART-based habitat suitability model. This model was then used to explore how environmental variables influenced potential bloom formation as well as distribution shifts (losses and gains) associated with inter-annual variability caused by contemporary extreme weather events as well as long-term predicted trends in climate. To test the factors affecting distribution, variables were chosen to represent growth requirements such as liquid water availability (cumulative snow melt, days of melt), potential nutrient availability (distance to the coast, distance from an animal colony) as well as physical attributes (surface type, slope, aspect).




2 Methods

To construct our model, we derived presence and absence observations of GSA and RSA blooms using satellite imagery from six different locations (Robert Island, Nelson Island (for validation), Trinity Island, Melchior Island, Neumayer Channel, and Ryder Bay) across the Antarctic Peninsula (Figure 1A) and six summer growth seasons (2013, 2017, 2019, 2020, 2021 and 2023). These were used to train a BART-based species distribution model using seven predictor variables based upon abiotic and bioclimatic factors, as described below and in the workflow schematic (Figure 2). Posterior distributions, showing the modelled probability of occurrence, were then mapped across the Antarctic Peninsula using actual climate conditions for 2021 and projected climatic conditions for 2100.

[image: Flowchart illustrating a process to predict habitable snow using a BART model. Inputs include WorldView-derived RSA and GSA presence, and predictor variables for training such as aspect, slope, and distance to coast. Model evaluation involves in situ observations and WorldView imagery. Output is "predicted habitable snow" for the Antarctic Peninsula at one hundred meter resolution.]
Figure 2 | Workflow diagram of the construction of a BART model to produce current and future snow algae bloom probability distribution maps. Training variables overlap the spatial extent and temporal range of each WorldView image used to derive presence/absence data. Predictor variables, used to map habitable snow with the model, cover the Antarctic Peninsula. Model runs (inference) over the Antarctic Peninsula were performed using 2021 and 2100 data.



2.1 Remote sensing presence/absence training data

WorldView imagery (Maxar Technologies) was used to detect snow algae for training the model. It has a high spatial resolution (1.84 m (WorldView 2); 1.24 m (WorldView 3)) and has previously been used to identify GSA and RSA blooms in Antarctica (Gray et al., 2021). Table 1 shows the dates and locations of the scenes used in this study. Each image was an 8-band multispectral scene from WorldView 2 or 3 and was corrected to surface reflectance using the Py6s-derived Atmospheric and Radiometric Correction of Satellite Imagery (ARCSI v4.0.0) (Bunting and Clewley, 2022) software. 6S parameters were set as in Gray et al. (2021).


Table 1 | The date, WorldView (WV) sensor, location and remote-sensed area estimates of red snow algae (RSA) and green snow algae (GSA) within the images used for training and evaluating the BART model.
	Date
	Sensor
	Image location
	GSA area (km²)
	RSA area (km²)
	Training pixels (n)


	GSA
	RSA
	Absence



	2013-03-13
	WV2
	Robert Island (62.4°S, 59.7°W)
	0.09
	0.07
	0
	114
	358


	2019-03-16
	WV2
	Robert Island (62.4°S, 59.7°W)
	0.02
	0.11
	200
	214
	334


	2023-02-06
	WV2
	Robert Island (62.4°S, 59.7°W)
	0.03
	0.95
	207
	213
	324


	2021-02-03
	WV3
	Nelson Island* (62.3°S, 59.2°W)
	0.04
	1.03
	333
	333
	333


	2020-03-07
	WV2
	Trinity Island (63.9°S, 60.8°W)
	0.16
	0.69
	30
	208
	384


	2020-02-09
	WV3
	Melchior Islands (64.3°S, 62.9°W)
	0.03
	0.16
	61
	105
	378


	2021-01-22
	WV2
	Neumayer Channel (64.8°S, 63.6°W)
	0.01
	0.02
	184
	206
	634


	2017-12-28
	WV2
	Ryder Bay (67.6°S, 68.2°W)
	0.01
	0.001
	34
	4
	31


	2020-02-16
	WV3
	Ryder Bay (67.6°S, 68.2°W)
	0.22
	0.06
	61
	180
	40


	 
	 
	Totals
	 
	 
	743†
	1273†
	2483†





Also shown are the numbers of pixels used from each image for training and validation. Rows in descending latitude order.

*Nelson Island data were for validation only.

†Not including validation data.



Snow algae were detected within the images following the methodology of Gray et al. (2021). First, band thresholds were used to isolate snow and ice from ocean, rock, and vegetation. Algae were identified within snow- or ice-containing pixels utilizing the characteristic absorption of light by chlorophyll-a pigments within the algae, which occurs at around 680 nm, or Band 5 of the WorldView’s multispectral sensor. Instead of using a spectral angle mapper (SAM) approach (Gray et al., 2021) to distinguish GSA from RSA, we adapted the red-green normalized difference index (RGND) approach of Engstrom et al. (2022) for the WorldView sensor i.e., RGND= Band 5−Band 3
Band 5+Band 3


, to differentiate bloom color. This approach simplified classification and does not require in situ reference spectra. Clean and mineral-laden snow, for use as absence data in the model, were also identified within each image, and were defined as snow that did not contain a detectable chlorophyll signal. Remote sensed outputs underwent validation against in situ observations of 361 snow and ice algae blooms made between 30th January 2023 and 13th February 2023 on Robert Island, South Shetland Islands (locations shown in Figure 3A). A confusion matrix and Cohen’s Kappa coefficient were used to assess classification accuracy against bloom location, recorded by handheld GPS at the bloom center.

[image: Map of South Shetland Islands shows in-situ validation on Robert Island (Panel A) with various snow types and data loggers marked. Nelson Island’s remotely sensed validation (Panel B) features snow coverage. Panels C and E display cumulative modeled habitable snow for 2023 melt season on GSA and RSA. Panels D and F show similar data for 2021. Symbols indicate snow types and data sources. Scale bars are included for reference.]
Figure 3 | Model evaluation. (A) True color WorldView image of the Coppermine Peninsula region of Robert Island from 6th February 2023. Circles show the GPS sampling locations of in situ blooms, January and February 2023. (B) True color WorldView image of the Harmony Point region of Nelson Island from 3rd February 2021. (C, E) show cumulative modelled habitable snow for green snow algae (GSA) and red snow algae (RSA) on Robert Island. Points show the location of in situ observations of GSA (C) or RSA (E), color coded based on agreement with the BART model. (D, F) show observed GSA and RSA on 3rd February 2021 as well as cumulative modelled habitable snow between 1st November 2020 and 3rd February 2021. Remote sensed blooms are shown by overlain GSA (bright green pixels) and RSA (blue pixels) to allow comparison of modelled and observed blooms. Inset shows the South Shetland Islands, with the extent of a, c, and e shown in blue and b, d and f shown in red.

Pixels for each class, GSA, RSA and snow with no visible algal presence, were randomly chosen from each image to use as training data within the model. For each image, about 1% of the classified pixels were used for training, with visual inspection removing obviously misclassified pixels. The final per-image pixel counts are shown in Table 1. In total, 1777 pixels containing GSA, 1273 pixels containing RSA, and 1226 containing clean snow were used to train the BART model.





2.2 Assembly of predictor variables

Seven variables (summarized within Table 2) were selected to describe habitable snow conditions using the BART model. Principal component analysis (PCA) (RStudio (version 2022.02.3)) was used to ensure that predictor variables lacked collinearity across the training dataset (Supplementary Figure S1). The BART model was trained using 8 m resolution data at the locations shown in Figure 1, to more closely match the resolution of the remote sensed presence/absence data, and to maximize interpretation of microtopographic niches. Posterior predictive maps were produced at 100 m resolution for the Antarctic Peninsula, rather than 8 m resolution, due to the significant computational requirement. All predictors of snow algal blooms were processed as raster datasets and were derived as described below.


Table 2 | Model components, data source, processing summary, units, and rationale for inclusion within the modelling framework.
	Variable
	Data source
	Processing
	Units
	Rationale for inclusion



	WorldView imagery
	Maxar Technologies. Imagery from 2013, 2017, 2019, 2020, 2021 and 2023.
	Atmospheric correction, classification of GSA and RSA, extraction of training points
	Binary presence/absence points
	High resolution red and green algal bloom observations.


	Aspect
	8 m or 100 m Reference Elevation Model of Antarctica (REMA)
	gdaldem
	Degrees
	Sunlight availability, controls on melt rate and melt onset


	Slope
	8 m or 100 m REMA
	gdaldem
	Degrees
	Surface stability, liquid water availability, light availability.


	Cumulative snow melt
	ECMWF, ERA5 hourly dataset (2m temperature, solar radiation);
CMIP5 daily data RCP 8.5 projection (2m air temperature)
REMA
	GlacierSMBM, daily melt rates generated using topographically downsampled temperature and solar radiation data
	meters
	Liquid water availability, surface stability


	Days of snow melt
	Glacier SMBM output
	Derived from daily maps of melt.
	days
	Liquid water availability, surface stability


	Surface type
	Rock outcrop shapefile (Quantarctica). Training and 2021 projection.
Modelled ice-free area under RCP 8.5 (Lee et al., 2017). 2100 projection.
	Rasterization of vector layer
	binary ice surface/rocky outcrop
	Ice/snow patch preference


	Distance to coast
	High-resolution coastline polygon
	 
	meters
	Nutrient input from marine sources


	Distance to animal colony
	MAPPPD database, Important Bird Areas, emperor penguin colonies, snow petrel breeding sites, Weddell seal population data
	 
	meters
	Nutrient inputs from birds/seals





Where two resolutions are given, 8 m data was used for training, and 100 m data was used for prediction over the Antarctic Peninsula.





2.2.1 Physical-based variables

The 8 m Elevation Model of Antarctica (REMA) (Howat et al., 2019) and 100 m gapless REMA (Dong et al., 2022) were used to derive slope (degrees) and aspect (degrees azimuth) variables using the gdaldem tool (GDAL version 3.4.3). Distance to the coast (in meters) was calculated from the high-resolution coastline polygon (Gerrish et al., 2020) included in the Quantarctica dataset (Matsuoka et al., 2018). Distance to animal colonies (in meters) was calculated using combined data from the Mapping Application for Penguin Populations and Projected Dynamics (MAPPPD) database (Humphries et al., 2017), Important Bird Areas (Harris et al., 2015; Matsuoka et al., 2018), Emperor penguin colonies (Fretwell and Trathan, 2021; Matsuoka et al., 2018), petrel breeding sites (Schwaller et al., 2018) and Weddell seal population data (LaRue et al., 2021). The surface type was a binary input, relating to whether a bloom occurred on permanent snow/ice or a seasonally snow-covered rocky outcrop or soil. For the 2021 model run, the rock outcrop map derived from Landsat 8 data was used to create an ice/rock vector layer (Burton-Johnson et al., 2016). For the 2100 run, modelled ice-free areas from Lee et al. (2017) under RCP 8.5 climate predictions (Lopez, 2016) were used.




2.2.2 Snow melt model variables – climate data and GlacierSMBM model

In trial model runs (data not shown), unprocessed air temperature or solar radiation variables were used, but were too spatially coarse to have predictive power in the complex mountainous terrain of the Antarctic Peninsula. We therefore include snow melt parameters in our model, using downsampled, high resolution climate data, as snow melt directly influences liquid water availability and habitat stability for snow algae. Simplified snow melt modelling was undertaken using the GlacierSMBM R package (Groos et al., 2017). This uses daily temperature (°C) and net radiation (W m-2) data as factors within a degree day model to estimate the daily melt of snow and/or ice on a per-pixel basis. Note that we were unable to predict the melt-out and disappearance of snow patches, as initial snow depth and accumulation data were not available for the region at high enough resolution. Instead, we aimed to improve the predictive value of the climate variables within the BART model by enhancing their resolution and interpreting their effects upon physical processes within the snowpack.

Daily mean 2 m air temperature and net solar radiation data were generated from the fifth generation ECMWF atmospheric reanalysis of the global climate (ERA5) hourly dataset in 0.5 x 0.25 degrees resolution (Hersbach et al., 2020) for 2013, 2017, 2019, 2020, 2021 and 2023, to correspond to the WorldView image dates. For the 2100 analysis, 2 m air temperature data from the CMIP5 daily data on single levels (Lopez, 2016) were used (RCP 8.5 warming scenario; HadGEM2-CC UK Met Office model, 1.875 x 1.25 degrees resolution).

Over the area used for training, temperature data were downsampled from their native resolution using the SAGA Lapse Rate Based Temperature Downscaling tool (SAGA v8.5.1). The 8 m Elevation Model of Antarctica (REMA) (Howat et al., 2019) was used as an elevation layer for down-sampling in the training datasets, whereas the 100 m REMA dataset was used for the Peninsula-scale posterior analysis. Lapse rates were either set as 0.68 °C per 100 m (Martin and Peel, 1978) or, in the case of Robert Island and Nelson Island images (see Figure 1A for locations), set as 0.8 °C per 100 m, calculated using Hobo MX2202 loggers installed across Coppermine Peninsula on Robert Island, from 2 m elevation to 130 m elevation, during the 2023 austral summer season (see Figure 3A for locations).

Solar radiation was used over global radiation to simplify downsampling, as shortwave radiation is more affected by topographic shading effects (Robledano et al., 2022). Net solar radiation data were downsampled using a sky view factor, generated using the 8 m or 100 m elevation models in SAGA. The sky view factor is a measure of terrain shading and was used to improve the model’s ability to simulate melt within topographic microclimates such as nival hollows and meltwater channels. Net solar radiation from 2021 was used in both 2021 and 2100 melt model runs, due to high uncertainty in future cloud cover and albedo conditions.

The Glacier SMBM melt model was run in RStudio on a daily interval at 8 m resolution from the 1st November (preceding the image date) up until the time of the WorldView image used for training. In the case of modelling melt across the Antarctic Peninsula for posterior analysis, this point was set to 21st January 2021 or 2100, which reflects austral mid-summer, and the model was run at 100 m resolution. The model outputs daily snow melt in meters, which was aggregated into a sum of melt for the “cumulative snow melt” predictor. The number of days where melt occurred in the snowpack on a per-pixel basis was aggregated into the “days of snow melt” predictor.





2.3 BART model processing

To build the training dataset, WorldView training pixels were converted into point data and used to sample each predictor variable raster layer. Cumulative snow melt and days of snow melt variables were specific to each image. For Robert Island and Ryder Bay imagery, this meant being mapped over the same location but using climate data corresponding to the date of each image. Sampled points were combined and exported as a table for input into our model. BART was run in RStudio using the embarcadero package (Carlson, 2020), a workflow wrapper for using BART for species distribution modelling. BART models were run using 200 trees and 1000 Markov Chain Monte Carlo (MCMC) iterations. Posterior model projections were mapped at 100 m resolution for the Antarctic Peninsula, using 2021 and 2100 temperature data as the basis of the snow melt variables in the raster stack used for prediction. The true skill statistics (TSS) and the area under the receiver operating characteristic curve (AUC) were used to assess model performance (Allouche et al., 2006). 95% credible intervals, i.e. the range over which a value has 95% probability were also produced using embarcadero and used to assess predictor and model performance. Binary maps of habitable snow were created using a threshold value based upon the maximum true skill statistic values (see Supplementary Figure S2). These values were 0.29 probability for GSA and 0.39 probability for RSA. Partial response curves for each predictor variable were constructed by running the model for a single variable whilst holding the other variables at their mean values.

We evaluated the model using three separate datasets. First, we ran model inference on a raster stack of training variables for Robert Island to produce a map of modelled habitable area that coincided with fieldwork conducted in 2023, then we compared this to the in situ sample locations for GSA and RSA taken between January and February 2023 (see Figures 3A, C, E). Secondly, we used remote-sensed locations of red and green blooms from within a WorldView image that wasn’t used for training the model (Harmony Point, Nelson Island; see Table 1 and Figure 3 for details). Here, a confusion matrix was applied using 1000 randomly chosen GSA, RSA, and clean snow pixels within the WorldView image and assessed against modelled habitable area using Cohen’s Kappa coefficient. Finally, we assessed the map of 2021, Peninsula-scale GSA habitat suitability by testing cooccurrence of modelled habitable areas with remote sensed GSA locations, observed within 2021 Sentinel 2 imagery taken from Walshaw et al. (2024). There is no commensurate RSA dataset available for Peninsula-scale RSA validation.





3 Results



3.1 Remote-sensed training data

There was substantial agreement between remote-sensed bloom locations and in situ GPS measurements taken on Robert Island in 2023 (GSA: κ = 0.78; RSA: κ = 0.73). Combined, the maximum total area of GSA and RSA identified within the WorldView images (excluding overlapped regions) was 3.4 km². The overlapped regions in the training imagery, both on Robert Island and in Ryder Bay, had marked differences in bloom area between different years and at different stages of the growth season (see Table 1). Robert Island, for example, had substantially more RSA coverage on 6th February 2023 (0.95 km²) compared to 16th March 2019 (0.11 km²) and 13th March 2013 (0.07 km²), despite the earlier timing of the image.




3.2 Model evaluation

The BART model performed well at predicting habitable snow for GSA and RSA across the Antarctic Peninsula. The true skill statistics (TSS) and the area under the receiver operating characteristic curve (AUC) values were high (i.e close to 1) and similar between GSA (TSS = 0.80; AUC = 0.96) and RSA (TSS = 0.84; AUC = 0.98) model runs, indicating good overall predictive accuracy with both sets of training data. Model performance is summarized in Supplementary Figure S2. Binary habitat suitability maps, where the mapped probability was above the model’s maximum TSS value, had good agreement with validation datasets. Comparing to in situ bloom GPS positions on Robert Island in 2023, all observed green snow algae (n = 57) were within the predicted areas habitable for GSA (Figure 3C), whereas 91% of in situ RSA observations (n = 140) were within areas predicted habitable for RSA (Figure 3E). Similarly, there was good agreement between modelled habitat suitability and remote-sensed GSA or RSA observations, respectively, Kappa scores of 0.76 and 0.75 (n = 1000) were observed for the Nelson Island WorldView validation image (Figures 3B, D, F). For the spatially coarser 2021 Peninsula-scale habitat suitability maps, 76% of remote sensed GSA blooms (n = 784) (Walshaw et al., 2024) were within areas indicated as habitable by the BART model.

The modelled extent of habitable snow was larger than the extent of the remote-detected algal blooms (Figures 3D, F). This was expected, first as the model does not capture all the environmental parameters determining algal bloom formation, and second as the model output is aggregated for the 2021 summer season whereas the remote sensed blooms are a snapshot from 3rd February 2021. Crucially, the upper elevation range of modelled habitable snow was similar to that over which blooms were observed and so the model captured the environmental envelope where snow was melting, enabling blooms to form.




3.3 Predictor variable importance

Figure 4 shows the predictor variable partial response curves, visualizing their relative contribution to the model across the range of values used for each predictor in training. Higher 95% credible intervals for distance to the coast, distance to animal colonies, and slope variables towards the extreme ends of their ranges are a result of low sample density there. Otherwise, the 95% credible interval was low (< 0.2) across the range of values observed within the training dataset. Except for the distance to coast and distance to animal colony predictors, the ranges in Figure 4 reflect the range of values observed within the Peninsula-scale posterior analysis. However, the flattening out of the relationship between occurrence and these two variables, also shown in Figure 4, shows that the training data captured the full extent of variation. This indicates that the scope of the model is suitable for predicting probabilities across this larger spatial extent. Figure 4 also shows the relative importance of each variable, with days of snow melt and aspect identified as the most important predictors for both GSA and RSA blooms.

[image: A grid of eight graphs visualizes environmental factors affecting occurrence probability and variable importance. Graphs include: "Days of snow melt" and "Cumulative snow melt" showing trends over time; "Distance to animals" and "Distance to coast" illustrating proximity effects; "Aspect" as a polar plot; "Surface" differentiating land and ice; "Slope" depicting angle influences; and a "Relative variable importance" graph with bubble sizes. Red and blue lines represent different datasets with shaded confidence intervals. Each graph has labeled axes.]
Figure 4 | Partial response curves for the environmental variables used within the BART model. Individual predictor responses illustrate the shape of the relationship between the probability of occurrence and each environmental predictor for the green snow algae (GSA - light blue) and red snow algae (RSA - pink) model runs. Shaded area shows the 95% credible interval. Also shown, bottom right, is the relative predictive importance of the different environmental variables used within the BART model, shown for GSA and RSA.




3.4 Antarctic Peninsula-scale mapping of habitable snow

Based on 2021 climate conditions, habitable snow for GSA (Figures 5B, C) and RSA (Figures 5F, G) was distributed across much of the coastal regions of the western and north-eastern Antarctic Peninsula, as well as the South Shetland Islands and South Orkney Islands. The 95% credible intervals for GSA and RSA are shown in Figures 5A, E, respectively, and were generally low (95% credible interval < 0.5) across most of the Peninsula (mean 95% CI: 0.51 GSA; 0.46 RSA), though uncertainty was greater (> 0.8) across the Larsen ice shelf on the east of the Peninsula, and the Wordie, George VI, Wilkins, Bach, and Stange ice shelves towards the south-west of the Peninsula. Due to high uncertainty, and a lack of in situ observations of algal blooms on ice shelves, they were masked out of the area calculations shown in Figure 5 and discussed herein. Total habitable area under 2021 conditions was 479 km² for GSA and 1194 km² for RSA.

[image: Maps depict projections of green and red snow algae distribution in the Antarctic Peninsula for the years 2021 and 2100, with changes highlighted. Panels A to D show green snow algae, indicating areas of increased and decreased habitable snow. Panels E to H show red snow algae with similar habitat changes. Arrows indicate progression over time, and color coding represents area sizes and credible intervals. A larger inset map places the study area within Antarctica.]
Figure 5 | Habitable snow area changes across the Antarctic Peninsula. 50 km hexagonal grids showing the sum of area of habitable snow for green snow algae (GSA – (B, C)) and red snow algae (RSA – (F, G)) under 2021 (B, F) and predicted 2100 (C, G) climate conditions. Habitable area is cumulative from 1st November to 21st January (2021 or 2100). Maps (A) and (E) show the length of the 95% credible interval for areas that meet the models’ threshold criteria. Maps (D) and (H) show whether habitable area increased or decreased between 2021 and 2100 within each 50 km grid cell. The triangle marker line is the boundary of greater melt in 2021 than in 2100, where melt was greater to the east of the line and less to the west. Map insets are of the South Orkney Islands and are a different scale (also depicting a 50 km hexagonal grid). The map overview in h shows the extent of the main map views of the Antarctic Peninsula and of the South Orkney Islands inset in yellow.

The overall distribution trend across latitudes was similar in 2100 and 2021 for both GSA and RSA (Figures 5C, G), though a greater number of habitable areas were evident towards the south of the Peninsula in 2100. This was particularly true of RSA, which showed an increase in habitable area between 66°S and 70°S in 2100 versus 2021. Despite these trends, total habitable area for the Peninsula was smaller in the 2100 analysis than in 2021, with GSA predicted across 423 km² and RSA predicted across 924 km² in 2100. This is evident in Figures 5D, H, which show decreased habitable area concentrated in the north of the Peninsula. However, these findings should be viewed in the context of a strong, positive, temperature anomaly during the 2021 melt season, centered north-east of the Peninsula (Clem et al., 2022) which caused greater melt in some regions of the Peninsula in 2021 than predicted for 2100. The marker line in Figures 5D, H show the boundary between regions experiencing greater (east of the line) or lesser (west of the line) melt. This anomaly resulted in a mixed picture of change in habitable areas across the Peninsula, and masked Peninsula-wide trends.

The 2021 density distributions of GSA and RSA by latitude (Figures 6A, D, respectively) show that most habitable snow was found north of 66°S, with presence becoming patchier further south. However, the model predicted habitable snow for both GSA and RSA as far as 73°S, close to the 74°S extent of the analysis. Figures 6B, C (GSA) and 6e and 6f (RSA) also show a tendency for habitable areas to decrease in elevation and patch size at higher latitudes. The drop in habitable area density seen south of 66°S (Figure 6A) is accompanied by significantly lower lying (t(6421) = 15.3, p < 0.01) and smaller (t(6421) = 1.8, p = 0.07) patches of habitable snow, with the decreasing trend continuing from 66°S to 74°S. Most habitable area was at low elevation, with 54% occupying snow less than 50 m elevation. Smaller patches were picked out at higher elevations, particularly at around 64°S where there is a lot of higher elevation land adjacent to the ocean (e.g., Anvers Island, Brabant Island and mountainous terrain on the Danco Coast). The higher elevations shown in Figures 6B, E exceed field observations of bloom elevations in Antarctica, though not elsewhere (e.g., Onuma et al., 2022; Vimercati et al., 2019), but are predominantly (60%) one or two isolated pixels, indicative of model noise. RSA habitable areas (Figure 6F) were significantly higher (97 versus 48 m; t(6421) = 4.6, p < 0.01) and larger (0.038 versus 0.037 km2 t(6421) = 5.6, p < 0.01) than GSA (Figure 6C).

[image: Six-panel visualization comparing green and red snow algae. Panels A and D show bloom density versus latitude with density histograms. Panels B and E depict hexbin plots of algae count against elevation, with darker colors indicating higher counts. Panels C and F compare algae count against habitable patch area, with color gradients representing different counts. Green algae data is in the top row; red algae data is in the bottom row.]
Figure 6 | Latitude ((A) GSA, (D) RSA), elevation ((B) GSA, (E) RSA) and habitable patch (a contiguous habitable area) area ((C) GSA, (F) RSA) distribution of habitable areas for all blooms on the Antarctic Peninsula under 2021 conditions between 1st November and 21st January. Plots a and d show the latitudinal probability density distribution of pixels determined as habitable from model threshold values. Plots (B, E) show 2-dimensional density distribution of the elevation of each habitable pixel versus latitude. Plots c and f show 2-dimensional density distribution of the area of individual patches of habitable snow.

To examine the influence of warming in context of the 2021 temperature anomaly, we focused our analysis on modelled habitable areas that were predicted to be warmer in 2100 than in 2021. Total area increased with warming for both GSA (270 km² versus 217 km²) and RSA (711 km² versus 367 km²). However, there was no significant increase in the area of individual habitable patches of snow (GSA: t(8378) = 0.20, p = 0.84; RSA: t(9267) = 1.1, p = 0.27), indicating that total area increased as a result of a greater number of regions along the Antarctic Peninsula becoming habitable for snow algae.

Blooms also increased in elevation within warmed areas of the Antarctic Peninsula in 2100. Average elevation was significantly higher, GSA rising from 43 m to 57 m (t(8378) = -13.50, p < 0.01) and RSA from 50 m to 70 m (t(9267) = -7.91, p < 0.01). Similar patch sizes between 2100 and 2021 indicate that this change resulted from a shift in range rather than an expansion of patch area. Snow at higher elevations became more habitable as more and longer melt occurred there, at the same time as blooms at lower elevations became less prevalent. In the case of islands that experienced warming, the model predicted GSA to decrease in area on 70% of them (n = 559) and disappear from 43%, and RSA to decrease in area on 40% of them and disappear from 20%. This loss was compounded on small and low-lying islands, with GSA and RSA decreasing 69% and 42%, respectively, for islands less than 5 km², and 87% and 64%, respectively, on islands lower than 50 m in elevation. This range shift is illustrated in Figure 7, which shows an area of islands south of Anvers Island (64.8°S to 65.1°S) and the change in distribution of GSA and RSA between 2021 and 2100.

[image: Maps depicting the projected distribution of green and red snow algae on Anvers Island from 2021 to 2100. Panels A and B show green algae expansion, while panels C and D show red algae expansion. A legend indicates colors representing green and red algae. An inset map shows Anvers Island's location. Arrows imply the projected spread over time.]
Figure 7 | A close-up view of the vicinity of Anvers Island showing habitable snow for GSA (A, B) and RSA (C, D), for model runs using 2021 (A, C) and 2100 (B, D) conditions. Contours show 50 m intervals. Inset shows Anvers Island, with the extent of (A–D). shown in red.





4 Discussion



4.1 The ecological niche of Antarctic snow algae

We have included a wide range of physical variables in a habitat suitability model and compared those variables against a large dataset of snow algal bloom observations, collected over multiple years. Through this, we have been able to generate output response curves for predictor variables that offer insight into the habitat characteristics and ecological processes that govern the occurrence of seasonal snow algal blooms across the Antarctic Peninsula, the South Shetland Islands and South Orkney Islands. This work is the first landscape scale model to explore the mechanisms that influence the distribution of Antarctica’s unique red and green snow algal ecosystems, as well as to map their potential future changes.

Days of snow melt was identified as an important predictor variable for both GSA and RSA (Figure 4). The influence of longer periods of snow melt, in particular for RSA, suggests the need for longer periods of melt and warm temperatures for blooms to develop. This has been noted previously, and likely relates to bloom requirements for time to grow and multiply, as well as time to undertake the processes of secondary carotenoid formation and encystment, which is potentially critical for year-on-year re-dispersal and seeding (Onuma et al., 2022; Soto et al., 2023). Melt reflected the intensity of warming, and therefore melt rate, within the snowpack. Modelling snow melt to derive total cumulative snow melt and days of snow melt predictors instead of using elevation, temperature, and solar radiation layers directly, provided the BART model with more directly relevant information with respect to conditions for algal growth. This was because the temperature within melting snow will not vary significantly from 0 °C, whereas the melt model allows quantification of the duration and intensity of melt. The response curves for cumulative snow melt and days of snow melt displayed an interesting interplay whereby habitable probability was reduced by higher amounts of melt, whereas a greater number of melt days was influential (Figure 4). This again suggests a scenario where lower daily melt over a longer period provides a more stable snow environment for blooms to develop and complete their life cycle (Soto et al., 2023).

Aspect was another important predictor for both GSA and RSA. The partial dependence plots (Figure 4) show that GSA had little preference for a specific aspect when other variables were set to their mean values, indicating interaction with other variables i.e. aspect may be interdependent with slope, or may depend on the time point within a melt season. RSA showed a preference for occurrence on north facing slopes. Secondary carotenoid pigments, which drive the coloration of RSA blooms, have been shown to confer additional UV-A and UV-B photo-protection in encysted snow algae (Procházková et al., 2020). RSA bloom-forming taxa are therefore likely to be better adapted to high-irradiance conditions found in surface snow layers on north-facing aspects. Additionally, on higher-elevation snow, where air temperatures are below 0 °C, the radiative forcing of algal cells within the snowpack may be sufficient to initiate localized melting around the cell (Dial et al., 2018; Halbach et al., 2022). In this instance, direct irradiance may play a larger role in bloom formation than our modelled snow melt, which did not factor albedo into its prediction. Habitable areas for RSA were predicted at higher elevations relative to GSA (Figure 6E), possibly because this enhanced albedo-mediated melt was captured within the RSA training data set. Future work could incorporate albedo and melt effects relating to algal presence into an improved melt model to disentangle the effects of radiative heat transfer and aspect upon snow melt and habitat suitability.

The presence of multimodal distributions in the response curves for days of snow melt, melt depth and aspect, suggested heterogenous responses and preferences to variables within GSA and RSA communities (Figure 4). The clustering of training images in similar months was not responsible for the multimodality. Instead, snow melt-based predictor variables exhibited considerable spatial variation across the sampling range, resulting in an even distribution of inputs. The GSA response for days of snow melt shows an even distribution between an initial preference peak for short seasons of melt (mean ~30 days) and a second preference for longer seasons (mean ~110 days). Due to a lack of snow depth information, the model was unable to predict the total melt out of snowpacks. Shorter melt season lengths therefore reflected snow patches exposed to fewer days above melting temperature, rather than shorter seasons due to melt-out of the snow. The long-season peak is indicative of GSA communities that require melt over longer periods of time to form. The late-summer timing of most of the WorldView images used (Table 1) points to these blooms having occurred in long-lasting snowpacks which have experienced melt throughout the summer.

In contrast, a response peak at c. 30 days of snow melt for GSA (Figure 4) reflects occurrence in snowpacks with much shorter melting seasons, or in shaded aspects. In such cases opportunistic species that can capitalize on the short melting season are more likely to be the drivers of bloom formation. Field observations indicate that certain snow algae, such as Hydrurus spp. and Raphidonema spp., can grow rapidly to take advantage of saturated snow at the melting edge of snowpacks (Remias et al., 2013; Kol, 1972). These often manifest as smaller, more localized blooms, forming along snowpack margins and melt out zones (Luo et al., 2020; Remias et al., 2013). Increased detection of blooms in high resolution WorldView imagery similarly suggests that small blooms are more frequent than previously reported for the region (Gray et al., 2021).

The response curves for melt intensity and a preference for terrestrial snow packs highlighted a general preference of GSA for higher melt environments than RSA. This agrees with the concept of opportunistic GSA taking advantage of rapidly melting patches towards the end of the season, as well as supporting the hypothesis of GSA occurring in patches with longer melt seasons preferring saturated layers below the snowpack surface (Hoham and Remias, 2020). One exception among recorded red blooms in Antarctica is the occurrence of blooms dominated by the ciliated red chlorophyte Chlainomonas spp (Luo et al., 2020; Ling and Seppelt, 1993). Chlainomonas spp. elsewhere in the world are known to prefer wet snow conditions (Remias et al., 2016; van Hees et al., 2023). The secondary peak in the melt response curve for RSA might therefore reflect the presence of Chlainomonas-like species blooms in the observation dataset with a preference for more saturated snow conditions.

Multimodal distributions in the variable response curves highlight the heterogeneous community nature of the GSA and RSA bloom categories. The model is simplified to look at algal blooms as either green or red, though in reality there is a significant variety of communities, with many distinct species comprising a bloom regardless of its dominant color (Davey et al., 2019; Soto et al., 2023, 2020). The presence of multimodal distributions for days of snow melt, cumulative snow melt, and aspect suggest species- or group-specific responses within GSA or RSA are present. Determining how our modelled ecological niche reflects actual habitat niches for different snow algal species and functional groups remains a challenge for the future. These will require additional ecological and physiological studies both in situ and in the laboratory (Chevrollier et al., 2022; Halbach et al., 2022).




4.2 Distribution of habitable snow

Across the Antarctic Peninsula region, modelled habitable snow was generally on north-facing, low-lying and coastal slopes, though it was also present on other slope aspects. Seasonally snow-covered rocky outcrops provide suitable habitats for both GSA and RSA, whereas RSA had a greater probability of occurrence on snow-covered Antarctic glaciers than GSA (e.g. Chen et al., 2023). Exceptions to the latter observation were found on the lower latitude and low-lying ice caps of Signy, King George, Nelson, and Robert Islands, where cumulative snow melt and days of snow melt variables also provided habitable snow for GSA blooms. This is consistent with in situ and remote sensing observations, with GSA observed on Robert Island ice cap in 2023 and Robert Island and Nelson Island ice caps within Sentinel 2 imagery (Gray et al., 2020).

The 3.4 km² maximum snow algal area observed over a 463 km² area within WorldView imagery was almost double the area of GSA previously reported (1.95 km²) using coarser resolution Sentinel 2 imagery over the entire Antarctic Peninsula (35,000 km² area) (Gray et al., 2020). This highlights the benefits of using high-resolution satellites, such as WorldView, to complete this type of ecological study, both in terms of their ability to classify red blooms and in detecting smaller blooming areas with greater confidence.

The modelled extent of habitable snow was significantly greater than the observed bloom area. This is to be expected as the model parameters tested do not capture the full array of environmental factors which constrain habitat suitability for the algae, for instance omitting nutrient availability or precipitation. This relationship also suggests that stochastic processes of dispersal and recruitment, including mechanisms such as wind, birds, and precipitation (Marshall and Chalmers, 1997; Procházková et al., 2019; Gupta, 2021; Tesson and Šantl-Temkiv, 2018) may also limit the formation of new blooms. The elevation range of habitable snow was primarily influenced by the most important predictor, days of snow melt, as it defined snowpacks that were in a melting state long enough for blooms to form (see Figure 4 for the shape of that relationship). Therefore, in the case of larger, high elevation habitable areas within our model, snow may be suitable for bloom formation, but algae have yet to disperse upwards or establish at higher elevations. Alternatively, blooms may be present in higher elevation snowpacks, but only cross thresholds for remote-sensed detection during extreme summer seasons, for example within the 2023 Robert Island image used for training (Supplementary Figure S1A).




4.3 Climate change and extreme weather event effects upon habitable snow

The positive temperature anomaly in 2021 coupled with the modelled habitable snow area for 2021 versus 2100 predictions, highlights the ecological effects of extreme summer weather events and interannual climate variability experienced in the Antarctic Peninsula region. The 2021 anomaly was caused by a combination of low pressure drawing warmer northerly winds over the Peninsula and low sea ice concentrations in the Bellingshausen Sea region (Clem et al., 2022). Sea ice acts as a barrier to exchange of heat and moisture from the sea into the atmosphere, and low sea ice extent has been shown to negatively influence snow accumulation in the western Antarctic Peninsula region (Porter et al., 2016; Thomas et al., 2017). Sea ice in the Bellingshausen Sea has been in decline over the past century (Porter et al., 2016; Turner et al., 2022). Should this trend continue, this may lead to less snow cover and fewer low-lying snow patch habitats persisting through the summer.

Our model indicated that habitable snow could expand southwards in range with climatic warming and indeed the zero-degree isotherm is predicted to increase in latitude over the next 80 years (González-Herrero et al., 2024). Summer temperatures in the west and north-east of the Antarctic Peninsula also experience significant non-seasonal climate variability and positively correlate with the phase of the Southern Annular Mode (SAM) (Clem et al., 2016). The SAM was in a positive phase during the 2021 summer, where strengthening and a poleward shift of westerly winds lead to warmer temperatures and contribute to anomalously high melt during the summer (Clem et al., 2016). Climate reconstructions suggest an increasing positive trend in summer SAM phase throughout the last century (Fogt and Marshall, 2020). Though there is significant uncertainty as to how this trend will continue to affect the Antarctic climate (Fogt and Marshall, 2020), it does seem to be forced by anthropogenic climate change (King et al., 2023). Our modelling work, with supporting evidence from remote-sensed observations from Robert and Nelson Island ice caps, as well as King George Island (Chen et al., 2023), indicates that extreme weather events such as in 2021 and 2023 enabled widespread blooms to form at higher elevations on snow-covered glaciers, and indeed we saw a preference for RSA forming on snow covered glacier/permanent snow surfaces. Research in the Arctic, particularly in Greenland, has shown that algal growth on snow and ice can contribute significantly to the darkening and enhanced melt of glaciers and ice sheets (Cook et al., 2020; Halbach et al., 2022, Williamson et al., 2019). More heatwaves on the Antarctic Peninsula, coupled with recent observations of ice algal species in Antarctica (Thomson et al., 2025), may, therefore, point to future increases in biological darkening and enhanced melt of glaciers and ice caps in the region.

Precipitation patterns across the Antarctica Peninsula are predicted to change significantly with warming in the next century, with summer rainfall and extreme snowfall events becoming increasingly common across the region (Turner et al., 2019; Vignon et al., 2021). The effect on habitable range and snow algal bloom formation is uncertain. However, seasonal field measurements of bloom development have shown strong correlation between summer snowfall events and the retardation of bloom formation (Onuma et al., 2022). In addition, anecdotal field observations have reported fewer blooms and the wash-out of existing blooms following rain events in Antarctica and elsewhere (Stibal et al., 2017). Such weather events may introduce new selection pressures - for instance favoring opportunist species - and destabilize bloom formation processes, with unknown consequences for longer-term bloom re-occurrence (Soto et al., 2023). Such feedback mechanisms and uncertain trends represent unknown factors in the future habitable range for snow algae and remain difficult processes to integrate into forecasting models.




4.4 Model advantages, limitations, and future considerations

This model aimed to capture the conditions that allow the formation of snow algal blooms on the Antarctic Peninsula by parameterizing variables relating to water availability, sunlight, and nutrient supply. The use of high spatial resolution data enabled us to capture habitat suitability in landscape features where snow persists throughout the summer, such as hollows, valleys and below cliffs, potential refugia for snow algae on low-lying islands. This was evident in Figure 3, where river valleys in the low-lying southern reaches of the Coppermine Peninsula and Harmony Point had a greater probability of occurrence than the surrounding area and were indeed filled with snow and GSA/RSA in the WorldView images. The improvement comes from the use of a sun view factor to normalize the net solar radiation component of the snow melt model, producing longer melt periods but with less snow melt over shaded landforms. This fine scale was not captured within the 100 m posterior analysis, however, as the influence of smaller topographic features upon melt was averaged over the coarser model resolution.

Our simplified snow melt modelling approach was limited by the omission of feedbacks between snow algal presence and albedo. Snow algal cells absorb solar radiation (Chevrollier et al., 2022; Halbach et al., 2022), meaning that melt would be greater than our model predictions where algal blooms were present. Since the net solar radiation dataset we used was based upon a fixed albedo over the study region, this is a systematic uncertainty and does not affect the spatial interpretation presented here. However, algal presence may decrease the time taken for a snowpack to melt completely or increase the area and magnitude of melt by increasing the amount of solar energy absorbed by the snow (Cook et al., 2020; Halbach et al., 2022). A second limitation derived from the simplification of our model runs, which omitted snow accumulation and depth information as well as longwave radiation. Moreover, terrestrial snow patches will experience greater heat transfer from surrounding or underlying rock versus snow on glacial surfaces, causing enhanced melt that was not characterized within our melt model. Biases resulting from these limitations were partially addressed within the scope of the BART model by the inclusion of specific GSA and RSA absence training data, within areas that experienced high modelled melt. Ultimately, future work should aim to improve melt model accuracy, incorporating regional climate data, locally defined lapse rate and photon transport models to estimate short and longwave radiation distribution. Over smaller areas where baseline snow depth information is present, this would greatly improve the spatial precision of habitable snow estimation by the BART model.

The use of remotely sensed data for model training allowed us to capture a large sample size that encompassed a wide range of geographic and climatic conditions, and it enabled the use of observed absences rather than generated pseudo-absences. However, this approach also introduces detection limitations that may influence model output. GSA can bloom beneath fresh snow or be overlain by red RAS, obscuring GSA from satellite view (Gray et al., 2020). Because most of our training scenes were late-season, to allow seasonal snow to melt and expose the underlying blooms (Gray et al., 2020), our training dataset likely underrepresents early-season and sub-surface GSA and is biased toward lower snowpack margins. Although random selection of training points and one early-season training image helped to mitigate this detection bias, it likely persists, causing posterior estimates to underestimate the elevation and extent of GSA habitat suitability, especially for predictions over shorter time intervals. Mechanistically, this bias (i) underestimates early-season and sub-surface GSA, and (ii) biases low-elevation/coastal patches downward. This issue is less pronounced for RSA, which typically blooms at the snow surface (Hoham and Remias, 2020; Gray et al., 2021; Onuma et al., 2022), though transient burial by summer snowfall may have reduced the observable RSA extent in some training scenes. Finally, although we attempted to include data from multiple points in the growth season, remaining gaps may contribute to multimodality in some responses. For example, in Figure 7 the 2100 map shows GSA not extending to sea level, and at low elevations the “days of snow melt” predictor is ~50, coinciding with a trough in its partial response. These uncertainties could be reduced by expanding the training set to earlier-season scenes and adding drone or in situ time series.

A key assumption of the model is that the absence of a detectable bloom infers non-habitable conditions. In reality, the occurrence of blooms is thought to be determined by stochastic processes of dispersal and seeding success, as well as the availability of a suitable environment (Soto et al., 2023; Onuma et al., 2022). Absence data can be the result of dispersal or settlement barriers in otherwise habitable snow. The inclusion of these points in training the model can lead to the underestimation of habitable range, and lower confidence in predictors (summarized in Table 3). However, the stochastic nature of these absences means the effects on the model output are small. One area of exception is the reduced probability of dispersal inland and to higher elevations as animal-vector and aeolian input become less likely (Bokhorst et al., 2019). This may create a systematic bias and underestimation of habitable snow inland and at higher elevations. The model design can also lead to the conflation of factors determining the absence of blooms (Table 3). The conflation of physical and snow chemistry factors in determining snow algae absence highlights the need for integrated snow chemistry and biology sampling in the development of such models, though achieving comparable scales of sampling to remote sensing approaches remains a challenge in extreme environments.


Table 3 | Mechanisms, effects, and outcomes of different forms of true and false detection from remote sensing observation in the model.
	Detection result
	Description
	Likelihood/effect
	Outcome



	True positive
	Detected by remote sensing – true habitable site
	n/a
	Increased accuracy model


	True Negative - habitat suitability
	No bloom detected – not habitable snow
	n/a
	Increased accuracy model


	True negative – false inference
	No bloom detected – not habitable snow – but determinant is an unmeasured factor (e.g. nutrients, chemistry, biological factor)
	Uncertain – effect on overall mapping minor – effect on predictor scores more significant – a conflating effect
	Underestimate of habitable range - Reduced confidence scores in measured predictors (noise)


	False positive - detection
	Detected by remote sensing – not snow algae (mineral/dust/marine algae)
	Rare – often detectable or deducible – minimal effect
	Overestimation of habitable area


	False positive - habitat suitability
	Detected by remote sensing – not habitable snow (displaced bloom)
	Rare – semi-systematic – minimal effect as physical displacement small
	Minor spatial mismatch – underestimation of habitable range - in particular elevation


	False negative – detection
	No bloom detected – but bloom present - under snow/vertical slope/weak signal
	Common - semi systematic as often within snow above exposed bloom - minimal effect
	Underestimation of habitable range


	False negative – detection
	No bloom detected – but bloom present previously - melted out
	Common - mitigated by inclusion of early season and late season imagery – uncertain effect
	Underestimation of habitable range at lower elevations at season end


	False negative - habitat suitability
	No bloom detected – but habitable snow
	Common – governed by stochastic factors of occurrence (dispersal and seeding) – minor effect overall – though possibly systematic at higher elevations and inland (lower dispersal probability), or where GSA blooms under surface snow cover.
	Potential underestimation of habitat range inland/higher elevations/GSA







Incorporating nutrients within the model proved difficult due to a lack of direct nutrient observations that could be mapped at scale. Distances to animal colonies or the coastline were used as proxies for nutrient availability within the model, as isotope analysis has previously shown snow algae to utilize guano as a nutrient source (Gray et al., 2020; Bokhorst et al., 2019). The modelled relationship between occurrence probability and distance to animal colonies or the coast (shown in Figure 4) suggested that blooms within the training dataset were close to both potential nutrient sources, though both variables were assigned low importance. Proximity alone failed to account for actual nutrient concentrations within snow melt and we acknowledge that there are gaps within animal colony records. Moreover, mineral dust within the snow or nitrogen fixation by cyanobacteria may also provide nutrients, unrelated to marine or animal inputs (McCutcheon et al., 2021; Murakami et al., 2022; Phillips-Lander et al., 2020).

Using the model to predict future habitable areas was predominantly based upon predicted air temperature for the region, which in turn fed into the snow melt model for 2100. Improvements could therefore be made by including more complex temporal feedback effects into the model, such as changes to the wider ecosystem and precipitation patterns in the region. Shifting animal colonies and the increase in vegetation in the Antarctic Peninsula, for example, may influence vectors of dispersal, re-seeding processes from soils, and nutrient dynamics for snow algae (Archer et al., 2019; Newsham et al., 2016; Robinson, 2022). In return, the predicted increase in habitable range for snow algae may result in increased organic input to Antarctic habitats, with the potential to drive successional processes in newly exposed soils and ice surfaces (Garrido-Benavent et al., 2020).

Crucially, this model aims to map the prevalence of physical conditions that allow snow algal blooms to form, rather than predicting occurrence. Likewise, it does not aim to model seasonal growth, though aspects of seasonal bloom development are captured in the frequency of bloom detection and the probability of presence across the season in the model output. Rather, this model is a tool that expands our previous work mapping snow algal blooms in Antarctica, upscaling RSA bloom extent estimates, exploring bloom niche requirements, and providing a method to explore seasonal, interannual, and long-term patterns in distribution.





5 Conclusions

We utilized a Bayesian additive regression tree model to explore large-scale distribution controls on snow algal blooms across the Antarctic Peninsula. This modelling approach provides a means to gap-fill the discontinuous observations made by field surveys, satellites or drones as well as enabling future distribution changes to be explored. Modelling indicated that the primary controls on distribution were the number of days of snow melt and aspect, with most habitable snow being north of 66° S, the relatively warmer conditions there providing larger patches of habitable area, and patches at higher elevations that were suitable for bloom formation. Future work should refine the model, using smaller areas for training with better-defined snow accumulation information, adding albedo feedback mechanisms into the snow melt model component and incorporating occurrence information weighted by remotely estimated cell density. Moreover, running the model over the continental Antarctic coastline, much of which exists close to 66° S, or specific ice bodies, would provide greater insight into the extent of Antarctica’s cryospheric biology.

The impacts of long-term climate change on bloom distribution were obscured by the anomalous extreme summer temperatures and melt rates experienced during the beginning of the 2021 summer, which exceeded predicted 2100 temperatures in the north and east of the Antarctic Peninsula. However, we determined that there was an increase in the number, size and elevation of habitable areas in regions that had experienced warming, though we also observed significant losses of habitable areas on smaller islands where summer snow is unlikely to persist through the summer under warmer conditions. The higher elevation areas in which our model detected habitable snow were predominantly glaciers or island icecaps and indicate the potential for Arctic-style glacial blooms to become established on the Antarctica Peninsula, changing the landscape of snow algae on the continent and increasing glacial melt rates.
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Locality k H S 11 b4 Tajima s D Fu s FS
Penguin Island (SSI) % 4 0222 14 0.308 0.0015 1 -1.88* 245
Admiralty Bay (SSI) 21 ‘ 2 0.095 1 0.095 0.0001 0 -1.16 0919
Fildes Bay (SSI) 28 6 0437 6 0.556 0.0008 2 -1.85% -3.66*
Hannah Point ($SI) 21 4 0414 3 0.448 0.0006 1 -121 -1.77
Coppermine Bay (SSI) 32 3 0.123 3 0.188 0.0002 1 -1.72 -1.70
Whalers Bay (SSI) 30 7 0.464 6 0.524 0.0007 5 -1.86* -5.35%
Chile Bay (SSI) 30 7 0366 7 0.467 0.0006 6 217 -5.88%
SSI 188 23 0311 23 0.380 0.0005 n/a 248" 4027+
Covadonga Bay (AP) 33 2 0.061 2 0.121 0.0001 1 -1.50 -0.48
South Bay (AP) 27 5 0.396 5 0.507 0.0007 4 -1.70 -2.57
Adelaide Island (AP) 26 9 0578 7 | 0.745 0.0010 5 -1.81% 7450
Avian Island (AP) 21 4 0271 3 0.286 0.0004 2 172 -2.80%
AP 107 17 0324 14 0.408 0.0005 n/a -2.29% 2557+
MA 25 36 0.405 34 0.405 0.0005 n/a -2.56%* 75320
Cumberland Bay (SG) 28 11 . 0.675 10 1.167 0.0017 11 -1.91% -7.86°
Total 323 47 0.436 48 ‘ 2.296 0.0033 -2.00* -42.19%%

Where AP = Antarctic Peninsula; SSI = South Shetland Islands; MA = Maritime Antarctica (SSI + AP); SG = South Georgia.
1 = number of analyzed individuals; k = number of haplotypes; § = polymorphic sites; H = haplotype diversity; I = average number of pairwise differences; 7 = nucleotide diversity. *p<0.05,
**p<0.01, *** p<0.001; n/a not applicable.
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Lichens and mosses sampled near sea level (low) and on a mountain plateau (high) on Navarino Island, southern Chile. Mosses: Polytrichum and Racomitrium, lichens: Pseudocyphellaria,
Stereocaulon and Usnea. Values are mean of n = 10 samples with SE between brackets. ‘-’ = not present. Moss and lichen habitat differences (Tukey’s HSD, P < 0.05) in total Acari abundance and
taxonomic richness are indicated by different letters, while *” denote differences between low and high elevation.
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Locality Pl AB FB HP CB WB CH Cco Al AV

Penguin Island (PI) - 0.000 0.017 0.038 0.001 0.009 0.000 0.003 0.013 0.017 0.000
Admiralty Bay (AB) 0.000 - 0.014 0.050 0.000 0.004 0.000 0.000 0.010 0.019 0.000 0.941
Fildes Bay (FB) 0.021 0.057 = 0.000 0.017 0.022 0.006 0.027 0.024 0.030 0.014 0.930
Hannah Point (HP) 0.028 0.071 0.000 - 0.044 0.035 0.029 0.065 0.039 0.039 0.037 0.930
Coppermine Bay (CB) 0.000 0.000 0.058 0.076 - 0.013 0.000 0.000 0.019 0.031 0.000 0.947
‘Whalers Bay (WB) 0.021 0.057 0.000 0.003 0.062 - 0.009 0.016 0.019 0.027 0.000 0.932
Chile Bay (CH) 0.000 0.022 0.000 0.002 0.024 0.000 - 0.001 0.011 0.017 0.000 0.934
Covadonga Bay (CO) 0.013 0.000 0.097 0.120 0.000 0.096 0.053 = 0.015 0.036 0.000 0.950
South Bay (SB) 0.009 0.043 0.000 0.005 0.046 0.000 0.000 0.051 = 0.028 0.002 0.931
Adelaide Bay (AI) 0.047 0.045 0.004 0.009 0.064 0.000 0.008 0.144 0.088 - 0.018 0.922
Avian Island (AV) 0.000 0.001 0.005 0.011 0.002 0.000 0.000 0.031 0.000 0.023 = 0.935
Cumberland Bay (SG) 0.546 0.588 0.444 0.446 0.613 0.432 0.482 0.649 0.463 0.372 0.510 -

Statistical significant FDR differences are marked in bold.
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Locality itude gi Area Main Area
Penguin Island (PI) 62°06'00"'S 57°55'41"W King George Island South Shetland Islands
Admiralty Bay (AB) 62°09'41"'S 58°28'10"W King George Island South Shetland Islands
Fildes Bay (FB) 62°12’57"S 58°57'35"W King George Island South Shetland Islands
Coppermine Bay (CB) 62°22'17"S 59°42'53"W Robert Island South Shetland Islands
Hannah Point (HP) 62°39'19"S 60°36'48"W Livingston Island South Shetland Islands
‘Whalers Bay (WB) 62°59'57"'S 60°40'28"'W Deception Island South Shetland Islands
Chile Bay (CH) 62°28'43"S 59°39'48"W Greenwich Island South Shetland Islands
Covadonga Bay (CO) 63°19'15"S 57°53'59"W Covadonga Bay Antarctic Peninsula
South Bay (SB) 64°52'55"'S 63°35'03""W Doumer Island Antarctic Peninsula
Adelaide Island (AI) 67°46'23"'S 68°55'53""W Marguerite Bay Antarctic Peninsula
Avian Island (AV) 67°46'15"'S 68°53'10"W Marguerite Bay Antarctic Peninsula

Cumberland Bay (SG) 54°14'12"'S 36°28'32""W South Georgia Scotia Arc
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Temperature

Low High

Site variables

Mean T 5.6 (0.1) 3.1 (0.1)

Minimum T -3.2 -10.8

Maximum T 44.0 47.6

Degree days (sum) 1942 (42) 1409 (21)

Freeze thaw

yles (No) 80 (10.2) 227 (7.7)

Habitat variables = Temperature range = WHC

Polytrichum 154 17.5 432 (16)a 352 (16)

Racomitrium 242 222 511 (20)b 635 (15)*

Pseudocyphellaria 359 16.8 281 (18)c 298 (28)

Stereocaulon V 338 V 23.6 356 (17)d 328 (20)

Usnea - 23.4 144 (16)e 92 (6)
Maximum Water
temperature loss (minutes)

Polytrichum 21.8 21.3 2;11991)a 1430 (76)

Racomitrium V 30.4 V 252 861 (104)a | 1518 (124)

Pseudocyphellaria 41.1 21.7 207 (18)b 244 (25)

Stereocaulon 39.5 27.5 363 (29)c 408 (45)

Usnea - 259 152 (33)d 63 (12)*

Site variables are mean values (n = 5 and 3 for the high and low site, respectively) with SE
between brackets. Habitat variables represent temperature conditions measured during
summer (n = 1 at high and low site each). Water holding capacity (WHC) and time to
50% water loss for lichens and mosses are means of n = 10 samples with SE between brackets.
WHC: habitat Fyo9 = 167.9, P < 0.001; elevation F;q¢9 = 0.1, P < 0.720; HXE Fyg0 = 9.8,
P <0.001. Water loss: habitat Fy g - 135.1, P < 0.001; elevation F; g = 0.1, P < 0.871; HXE F, 99
= 5.2, P <0.001. Significant (Tukey’s HSD P < 0.05) differences in water variables between
elevation are denoted by *’, while different letters indicate habitat differences.
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Habitat
X Elevation

Habitat Elevation

F P F P F P

Microarthropod
4.5 0.002 11.6 <0.001 10.8 <0.001
abundance
it 1
Callambolz 220 | <0001 | 205 | <0.001 34 0.012
abundance
Collembola R 384 <0.001 25.6 <0.001 25 0.047
Epigei
PIES I 166 | <0001 | 147 | <0001 28 0.028
abundance
Femuapiie 124 <0001 02 0670 | 54 <0.001
abundance
Eudaphic
10.6 <0.001 92 0.003 171 <0.001
abundance
M
o < s 30.0 <0.001 0.3 0.618 8.2 <0.001
stratification
CWM length 34.0 <0.001 0.0 0.965 4.5 0.002
Epigeic (%) 24.7 <0.001 23 0.131 5.8 <0.001
Hemidaphic (%) 10.1 <0.001 59 0.018 1.1 0.384
Eudaphic (%) 16.4 <0.001 14 0.245 6.5 <0.001
Acari abundance 42 0.004 0.2 0.663 11.1 <0.001
Acari R 9.9 <0.001 0.3 0.564 4.6 0.002
Mesostigmata
0.5 0.723 1.3 0.252 2.8 0.029
abundance
Ombaida 69 <0001 | 4.1 0046 | 148 <0.001
abundance
Prosti;
rostigmata 7.1 <0001 | 8.1 0005 | 73 <0.001
abundance
Mesostigmata (%) = 2.7 0.034 29 0.089 2.7 0.039
Oribatida (%) 4.6 0.002 0.2 0.640 9.1 <0.001
Prostigmata (%) 6.7 <0.001 33 0.070 8.8 <0.001






OPS/images/fevo.2024.1440649/table3.jpg
Collembola Acari

F P F
Polytrichum 2.1 0.080 7.6 0.001
Racomitrium 6.5 0.001 9.8 0.001
Pseudocyphellaria 33 0.003 1.1 0.438
Stereocaulon 10.3 0.001 4.8 0.002
Usnea 0.4 0.748 8.4 0.001
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Polytrichum Racomitrium Pseudocyphellaria Stereocaulon

Species low high Low high low high high

Cryptopygus cinctus | 0.1 (0.04) 021 (0.08) | 0.89 (0.30)  0.88(042) 0.7 (017) | 071(023) - 058 (0.19) | - -
Entomobrya = = = 002 (0.02) 020 (014) | - = = 099 (0.40) | 0.14 (0.09)
griseoolivata

Batomolrya - - - - 021 (007) | - 034 (0.14) - = -
lanuginosa

Friesea sp. - - - 0.02 (0.01) - - - - - -
Hypogastrura % 3 031029 - 114 (045) | - 533(186)  0.15(0.10)*  0.04(0.04) -
purpurescens

Isotoma punctata | 028 (0.08)  0.13 (004) | 062 (0.16) - 003 (003) | - - 007 (0.05) | - =
Isotomidae

o (il = . - - - - - 0.15(0.09) | - =

Isotomurus palustris | 0.09 (0.04) 0.06 (0.02) = 0.11 (0.04) 0.39(0.18) | 031 (0.17) 0.64 (0.29) | 022 (0.11) 046 (0.14) | - -

Lsotomurus 001 (001) - - - 006 (0.04) | 0.16(0.09)  065(024) | 011(0.1) | - -
palustris ()?

Lepidocyrtus sp. 0.11 (005 - 003 (0.02) - 024(0.12) | 100 (0.35)  105(045  052(0.10) = - -
Protaphorura 001 (0.01) - 038 (0.24) - = 008 (0.08) - 003 (0.03) - =
encarpta

Setanodosa sp. 004 (001) - 140 (0.43) - 017 (0.12) | - - - - -
Sminthurides hospes | 0.11 (0.06) - 003 (0.02)  0.05(0.04) - 020 (020) | 0.16 (0.11) - - -
Smmthu.rmus ~ _ _ ~ 003 (0.03) ~ ~ _ ~ _
patagonicus

collembola total 0.77 (0.14) b 0.40 (0.07) = 3.77 (0.95) a :‘36 ©:35) 257 (0.64)a | 279 (0.56) = 7.74 (2.16)a  2.07 (0.27) = 1.03 (0.40) b S‘H (0.09)
Number of species | 3.6 (0.4) ab | 19 (03)*  43(0.3)ab  22(03)*  26(05)b | 2.1(04) 33(03)a  32(04) 0.9(0.2) ¢ 02 (0.1)*

Lichens and mosses sampled near sea level (low) and on a mountain plateau (high) on Navarino Island, southern Chile. Mosses: Polytrichum and Racomitrium, lichens: Pseudocyphellaria,
Stereocaulon and Usnea. Values are mean of n = 10 samples with SE between brackets. ” = not present. Moss and lichen habitat differences (Tukey’s HSD P < 0.05) in total Collembola abundance
and species richness are indicated by different letters, while *” denote differences between low and high elevation.
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Icefield Name

Fjord ID

Glacier
ID

Glacier
Name

Normalized

Normalized

Normalized Fjord

Weighted
Mean

Northern Patagonian

Calving Flux

Fjord Sinuosity

Width Average

1 1 Rafael 058 024 0.87 0.62
Icefield (2017-2022) SanRfad
Jorge
2 2 1 01 022 0.34
Montt
3. Bernardo 3 Bernardo 017 019 0.61 0.39
4. Témpano 4 Témpano 0.01 0.06 047 0.26
5 HPSI2
6 HPS13
5. Falcon 0.06 031 0 0.11
7 HPS14
8 HPS15
9 HPS17
6 0.04 01 0.17 0.12
10 HPSI8
1 HPS19
7 04 0.06 041 03
12 Pingiiino
8 13 Europa* 0.29 007 031 023
Southern Patagonian
Icefield (2018-2021) 14 HPS27*
9 15 HPS28 017 037 085 057
16 HPS29*
17 HPS30
18 HPS31
19 S/N*
20 HPS32
10 0.29 024 051 0.38
21 Calvo*
2 HPS33
23 HPS34
2 HPS35
11 25 Asia 0.02 013 045 027
12 26 Amalia* 0.16 0.08 012 0.12
Gran Campo Nevado 13 27 SIN 0 0 0.46 023
(2015-2022) 14 28 SIN* 0 0.65 0.4 039
15 29 Snoring 0.01 1 037 049
Isla Santa Inés SaniEnis
(2017-2022) 16 30 de 0 035 0.85 0.53
Gamboa
31 S/IN
17 0.01 019 0.6 0.36
32 SIN
Cordillera Darwin
33 André
Icefield (2017-2022) o
18. Agostini 34 Bérbara 0.08 0.15 083 048
35 Navarro
36 SIN
37 SIN
38 Serrano
39 SIN
40 Rugidor
41 Relander
19. Brookes 42 SIN 0.08 052 0.69 0.52
43 SIN
20. Marinelli m Marinelli* 0.05 0.36 0.05 015
Luis
45
de Saboya
46 SIN
47 SIN
21. Parry P - 0.1 052 0.84 059
49 SIN
50 Darwin
51 Cuevas
22. C. Beagle 52 Italia 0 015 075 0.42
53 Kalv
23. Pia Este 0.02 016 076 0.43
54 SIN
24. Pia Oeste 55 Guilcher 0.03 021 076 0.45
25. Torcido 56 Cattigara 0.06 023 1 0.58
Picos
57 o
26. Garibaldi sz 0.04 0.12 1 0.54
58 Garibaldi
27.
g 59 Grande 0.13 0.13 0.98 0.55
Ventisquero
CWE Max 0.62
Calving flux 0.2 Min: 0.11
Fjord Sinuosity 03 Mean: 0.39
Fjord Width 05 SD: 0.16

Glaciers highlighted in bold were used to define the Calculated Proportional Weighted Estimates (CWE) for calving flux, fjord sinuosity, and fjord width ratio. These estimates were then applied
to calculate the weighted means for the remaining fjords. Some fjords consist of multiple glaciers, so the values represent the average per fjord. The table also provides descriptive statistics of these
final weighted means. Glaciers marked with an asterisk (*) indicate expanding glaciers.
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Catalog First Last Time Span  No. Years Total Months Latitude Longitude

Residency Original

Name Record  Record Recorded Recorded  Recorded (S) (W) Rocetion Status Source
SR LSRO1 2014 2023 10 8 15 4667 7387 San Rafael Lagoon | Adult  F Resident CONAF 2021
SR LSR02 2012 2020 9 8 n -46.67 7387 San Rafael Lagoon | Adult | F Resident CONAF 2021
SR LSR03 2013 2023 u 5 9 4667 7387 San Rafael Lagoon | Adult M Resident CONAF 2021
SR LSRO4 2013 2023 n 8 15 4667 7387 San Rafael Lagoon | Adult M Resident CONAF 2021
SR LSROS 2009 2020 12 5 7 -46.67 7387 San Rafael Lagoon | Adult = M Resident CONAF 2021
SR LSR06 2012 2023 12 10 17 4667 7387 San Rafael Lagoon | Adult M Resident CONAF 2021
SR 1SR07 202 202 u 7 10 4667 7387 San Rafael Lagoon | Adult Resident CONAF 2021
SR LSR08 2014 2023 10 7 n 4667 7387 San Rafael Lagoon | Adult M Resident CONAF 2021
SR LSR09 2019 2020 2 2 3 -46.67 7387 San Rafael Lagoon | Adult M Resident CONAF 2021
SR 1SR10 2019 2023 5 4 5 4667 7387 San Rafael Lagoon | Adult Resident CONAF 2021
TF TFO1 2010 2023 1 8 n 5465 6945 Parry Fjord/Cuevas | Adult F Resident “This Study
TF TFO2 2010 2018 9 4 5 5465 6945 Parry Fjord/Cuevas | Adult  F Resident “This Study
TF TFO3 2016 2016 1 1 1 AgostiniFjord | Adult  F Undetermined “This Study
TF TFO4 207 2017 1 1 2 -54.65 6945 Parry Fjord/Cuevas  Adult ~ F | Potential Resident ~ This Study
TF TFOS 2017 2017 1 1 2 5465 6945 Parry Fjord/Cuevas | Adult M Potential Resident | This Study
TF TFO6 2018 2021 4 3 3 5465 6945 Parry Fjord/Cuevas | Adult | F Resident This Study
TF TFO7 2018 2018 1 1 1 5465 6945 Parry Fjord/Cuevas | Adult Undetermined “This Study
TF TFOS 2018 2018 1 1 2 5465 6945 Parry Fjord/Cuevas | Adult  F Potential Resident | This Study
TF TFO9 2017 207 1 1 1 5465 6945 Parry Fjord/Cuevas | Adult  F Undetermined This Study
TF TFI0 2018 2021 4 2 2 5465 6945 Parry Fjord/Cuevas | Adult M Resident This Study
TF TFIL 2019 2019 1 1 1 -54.65 6945 Parry Fjord/Cuevas | Adult M Undetermined “This Study
TF TFI2 2017 2021 5 2 2 5465 6945 Parry Fjord/Cuevas | Adult M Resident ‘This Study
TF TRI3 2021 2021 1 1 1 5465 6945 Parry Ford/Cuevas | Adult | F Undetermined “This Study
TF TFI4 2015 2023 9 g 2 5465 6945 Parry Fjord/Cuevas | Adult F Resident “This Study

“Time Span Recorded” indicates the period between the first and las sighting of each individual seal. "No. Years Recorded” shows the total number of years within this period for which photographic records are available. “Total Months Recorded” detals the total number
of months with records within those years. Latitude and Longitude coordinates were estimated from the location names and are provided in decimal degrees. Age and Sex were visually assessed for each leopard seal. Residency Status is categorized as follows: “Resident”
individuals observed one or more times per year across multiple years; “Potential Resident” those seals observed multiple months within a single year but not sighted in more than one year; and *Undetermined” animals with sufficiently clear photographs to confirm that
they are not any other cataloged animals but have been reported only once. The “Original Source” column specifies the program responsible for cach catalog’s creation— the National Forestry Corporation (CONAF 2021) in San Rafacl, and the initative behind this
‘manuscript (labeled as “This Study”) for those leopard seals from Tierra del Fuego. Both catalogs are available in the Supplementary Data in Supplementary Material. “There is photographic record of LSROI of seven years, however, we added an additional record from 2021
after verifying with co-authors of van der Linde ct al. (2022) that the mother of a pup reported in that study was LSRO1 (Fernandez-Ferrada pers. comm.).
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Taxa
Annelida - Citellata
Piscicolidac sp ohnston, 1365
Annelida - Polychaeta
Eala sp. Swvigny, 1822
Harmothoe spp. Kinberg, 1356
Neanthes kegucless (Melntosh, 1855)
Neolprea strptochacta (Ebers, 189) #
Platyneres aussas (Schimards, 186) £
Thelepus specabils Eber, 1597
Serpulidaesp. Rafnesque, 1815
Arthropoda — Amphipoda
Acontiostona arions Stebbing, 1585
Aplocla o, magelnica (Sicbbing. 1555) £
Corophicidea s. Leac, 1814
Haplocheira barbimana (Thomson, 1579) £
Haploccira sp. Haswell 1579
Iphimedicl paracuticoss Andres, 1955 #
Ichyrocerus s, Keoye, 138

Josa <f. alonoae Con

1900
Jasa f haromannac Conlan, 199 &
Jasa of st Conlan, 1990 #
Ocdicerotdae sp. Lillehorg 1965
Onadareacf. widentata Thurston, 1974 #
Pagetna monodi (Nicholls,1935) £
Paramoer fisicauda (Dana, 1352)
Parawaldecia idder (51, Smith, 1576)
Podocerus capillmanus Nichol, 1935 £
Probolides . Del Valle 1893
Prosteingia sp. Schllenberg, 1926
Tryphosella sp. Boier, 1893
Arthropoda - Isopoda
Casidinapss emarginata (Guirin- Ménevile 1849
Cryosiguan hanatun (Hale, 1937) =
Tatippasp.Bovalus, 1856
Limnorides sp. Brands & Poore n Poore, 2002
Scptemserossptemarinata (Mies, 1875)
Sphacromatidse sp. 1 Ll 1825

Sphacromatdse sp.2 Lt 1825

Spinosrols afrons (Whie, 1817)

Code.

ANEQ

ANER
ANEBXYZ

1 ANED

2-ANEA
3-ANEE
4-aNEO

uND_A

S AMPY
P
AveQ
7-AMPG
AMPK
8- AMP21
AMPH
9-AMP22,
10- AMP_A
1o AMPE

avep

14 AMPX

15 AMPIS

16- AMPI
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CH PH PD FK SG FPN PC PAF ‘

CH | - 004 | 0001 <0001 <0.001 <0.001 | <0.001 <0.001
PH | 0236 - 0.03* | <0001  <0.001 0001 | 0.001  0.001
PD | 0265 0112 - <0.001 = <0.001 = <0.001  <0.001 & <0.001
FK | 0706 0655 0.666 - <0.001 | <0.001 | <0.001 & <0.001
SG 0933 0927 0928 0752 | - <0.001 = <0.001 = <0.001
FPN | 0961 0962 | 0961 0731 0588 | - <0.001 = <0.001
PC | 0958 0959 | 0958 | 0739  0.604 | 0286 | - <0.001
PAF | 0946 0943 | 0943 | 0748 | 0.579 0243 | 0293 | -

Cell shading delimit sampled geographical areas.
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Fis Ne (95% CI)

Private
EIEIES

FPN 15 75.16 0.296 0.271 17518 0.055 91.8 (129 - =) 13
PC 17 79.50 0.280 0.285 1.7950 0.055 130.2 (36.5 - o) 64
PAF 20 91.07 0.449 0.345 19107 -0.278 223.4 (65.0 - ) 155

% of
private
EIEES

1.03
5.06

12.26

‘Table shows population codes, sampling size (N), proportion of polymorphic loci (%Po), observed heterozygosity (H,), expected heterozygosity (H.), allelic richness (A), inbreeding coefficient

(Fys), effective population size (N,) with 95% confidence intervals (CI), number of private alleles and percentage of private alleles.





OPS/images/fevo.2024.1440649/crossmark.jpg
©

2

i

|





OPS/images/fevo.2024.1441397/fevo-12-1441397-g003.jpg
CH PDPH






OPS/images/fevo.2024.1441397/fevo-12-1441397-g004.jpg
PC2 15.9%

Q
® { ]
2
e
O
o o™
© ;..”.
°9
®
o
Eigenvalues
z :3.
® o
oo ®FPN ® PAF ® PC

PC1 25.3%

EPN

PAF

48.6°S

48.8°S

49.0°5

49.2°S

49.4°5

49.6°S

49.8°5

68.5°E

69.0°E

69.5°E

PC

70.0°E

70.5°E






OPS/images/fevo.2024.1441397/table1.jpg
Population Co nates Code N %Po ks Fis

Chabunco 53°01’12.7S, 70°49°26.2W CH 9 10.01 0.0217 0.0177 1.1001 -0.23809
Fuerte Bulnes 53°36'51.1S, 70°55'37.2W PH 3 2.99* 00157 00131 1.0299 025854
Puerto Deseado 47°45'06.95, 65°51°53.1W PD 4 533* 00215 00182 1.0533 021810
Falklands/Malvinas 51°42°00.88, 57°46’55.7W FK 22 69.23 0.2148 0.2406 1.6923 0.10981
South Georgia 54°17°01.4, 36°29'18.5W SG 25 20.96 00197 00325 1.2096 039936
Fjord des Portes Noires 49°29732.4S, 69°11'12.4E FPN 16 10.61 0.0153 0.0162 1.1061 0.05779
Port Couvreux 49°16'49.6S, 69°41’31.1E PC 17 11.66 0.0166 0.0180 1.1166 0.07914
Port-aux-Frangais 49°21’12.27S, 70°13°0.1°E PAF 20 21.12 0.0288 0.0262 1.2112 -0.10142

‘Table shows sampling populations, coordinates, codes (population abbreviation), sampling size (N), proportion of polymorphic loci (%Po), observed heterozygosity (H,), expected heterozygosity
(H,), allelic richness (A), and inbreeding coefficient (Fys).
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Populati Prob | No. Haplo S D+
Total Dataset 159 0.9875 83 0.978 102 0.0539 0.7626 —23.2% 0.1079 53
Total Amphivra eugeniae 26 0.9259 16 0.948 41 0.0101 -1.615* —4.097 0.0958 20
Total Amphiura belgicae 139 0.9857 69 0.972 93 0.0407 -0.0165 —22.321%* 0.0886 53
Patagonian Shelf 19 0.9000 7 0.917 16 0.0098 0.459 —0.653 0.1788 12
Shag Rocks 49 0.9600 29 0.948 41 0.0091 -1.3824 —15.868*+* 0.0612 15
South Georgia 14 0.8667 8 0.923 23 0.0084 -1.296% —0.423 0.1334 15
South Orkney Islands 30 0.9355 20 0.913 70 0.01242 —-2.1511** —5.92% 0.087 53
Antarctic Peninsula 14 0.8667 4 0.455 29 0.0115 -1.8932%* 4.298 0.1721 26
Antarctic Shelf 17 0.8889 8 0.831 13 0.0052 —0.5722 -2.006 0.1146 g

*0.05-0.01, *¥0.01-0.001, ***<0.001.

n, Number of individuals; Prob, Probability of having captured the deepest coalescent event; No. Haplo, Number of haplotypes;
HD, Haplotype diversity; S, number of segregating sites; 7, Nucleotide diversity; DT, Tajima’s D; Fs, Fu's Fs Statistic;
Ry, RamosOnsins & Rozas’ R2 statistic; Max K, Maximum number of nucleotide differences between any two sequences within the population.
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