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The South Shetland Islands, a critical area for primary productivity within the Southern Ocean, are significantly affected by global climate change. Seabirds and marine mammals, highly sensitive to ecological changes, are considered sentinel species within the ecosystem. Monitoring top predators and identifying Areas of Ecological Significance (AES) are essential for enhancing biodiversity conservation effectiveness and addressing future climate changes. This study employed the MaxEnt model and Zonation method to predict the distribution of suitable habitats and AES for 14 top predators in the South Shetland Islands under current and future climate scenarios. Key findings include: 1) The spatial distribution of top predators in the South Shetland Islands is predominantly influenced by bathymetry, mixed layer thickness (Mlotst), and sea ice concentration (SIC). 2) The highly suitable habitats for the Gentoo Penguin (Pygoscelis papua), Humpback Whale (Megaptera novaeangliae), and Light-mantled Albatross (Phoebetria palpebrata) are expected to decrease under various future scenarios. 3) The AES in the South Shetland Islands are predominantly concentrated along the southern coastal areas. 4) The AES on the western side of the islands are projected to undergo significant fluctuations, while those on the eastern side are likely to exhibit minor changes, with the central area remaining relatively stable.
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1 Introduction

The Southern Ocean is a key region for global oceanic carbon cycling and climate regulation. Its unique biogeographical characteristics and significant environmental diversity render it of utmost importance for global climate change (Convey et al., 2014; Huguenin et al., 2022). Seabirds and marine mammals, as top predators within the Southern Ocean, exhibit high visibility, acute sensitivity, and rapid responses to ecosystem changes. These attributes enable them to act as indicators or respond to shifts in ecosystem structure and function that are often challenging to observe directly. Therefore, they are frequently regarded as sentinel species. Monitoring these sentinel species is essential for advancing ecological research and guiding conservation efforts (Bestley et al., 2020; Boersma, 2008; Hazen et al., 2019). Given the variability of marine and terrestrial environments across regions, the responses of identical species to environmental changes differ by locality. Thus, understanding how top predators react to local environmental changes is vital (Ainley et al., 2010, 2005; Constable et al., 2014).

Utilizing survey data on top predators to identify biodiversity hotspots and priority conservation zones in the Southern Ocean is key to optimizing conservation efficiency (Epele et al., 2021; Tan et al., 2023). Areas frequently utilized by top predators within the Southern Ocean are termed Areas of Ecological Significance (AES), characterized by high biomass of lower trophic levels and elevated biodiversity. Accurate identification of AES is fundamental for marine spatial planning, biodiversity conservation, and addressing environmental challenges, such as climate change (Handley et al., 2021, 2020; Johnson et al., 2019).

Species distribution models (SDMs) integrate species distribution with environmental variables to determine species’ ecological requirements and predict potential habitats (Phillips et al., 2006). The MaxEnt model applies the principle of maximum entropy with machine learning techniques, utilizing presence-only data and various environmental variables to predict species’ potential distributions across specific temporal and spatial contexts. Notably, MaxEnt provides high predictive accuracy even with limited distribution points, restricted distribution areas, or narrow environmental adaptability (Khadka and James, 2017). Recent studies have also indicated that MaxEnt models can capture authentic effects of environmental variables on species distribution shifts, though such effects tend to be relatively small (Venne and Currie, 2021). In recent years, this method has been extensively applied in marine research (Lin et al., 2022).

The South Shetland Islands, located in the Atlantic sector of the Southern Ocean, are known for high biomass and productivity, making them a focal point for Antarctic marine biological research. This area is also a significant fishing ground for Antarctic krill (Kawaguchi and Nicol, 2020) and one of the most profoundly impacted regions by global climate change (Turner and Overland, 2009).

Current research on top predators distributions in the South Shetland Islands and surrounding waters primarily focus on individual species (Dias et al., 2018; Gil-Delgado et al., 2013; Lumpe and Weidinger, 2000; Trivelpiece et al., 2007; Viquerat et al., 2022), with limited research addressing AES based on multiple species. To strengthen conservation measures and understand the impacts of climate change on the ecosystems of the South Shetland Islands and adjacent waters, it is critical to conduct in-depth studies on top predator distributions and the potential effects of future climate scenarios on their distribution.

This study employed the MaxEnt model to assess habitat suitability for top predators within the South Shetland Islands and surrounding waters, identifying key environmental factors that influence their distributions. Additionally, the Zonation method was applied to determine priority ecological areas. Using data from the Coupled Model Intercomparison Project Phase 6 (CMIP6), the study further evaluated the potential impacts of future climate change on top predators habitats and Areas of Ecological Significance.




2 Materials and methods



2.1 Study area

The South Shetland Islands, located in the northwestern part of the Antarctic Peninsula, were selected as the study area. The geographical coordinates were defined as: longitude: -63° to -57° and latitude: -64° to -61.5°, as illustrated in Figure 1.




Figure 1 | Location of study area.






2.2 Species data

We initially utilized survey data on Weddell seals, Antarctic fur seals, and leopard seals, collected during the 36th Chinese Antarctic Expedition along the coast of Fildes Peninsula on King George Island (December 2019 to February 2020). Additionally, during the 38th Chinese Antarctic Scientific Expedition, transect observations were conducted around King George Island, resulting in a comprehensive seabird species list (From January 1 to 8, 2022.). Based on these surveys, we retrieved seabird and marine mammal distribution data within the study area from the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/), constrained to the summer months of December, January, February, and March from 2014 to 2024. Only human-observed data were included, excluding erroneous or uncertain records, and each unique coordinate and date was limited to one record. To mitigate spatial autocorrelation, one of any two data points within 0.1° was randomly removed for each species. In total, species distribution modeling was conducted for 14 target species.




2.3 Current and future environmental variables

Monthly averaged data for sea ice thickness, sea ice concentration, sea surface salinity, sea surface temperature, sea surface height, mixed layer thickness, northward sea water velocity, and eastward sea water velocity were obtained from Copernicus’ Global Ocean Physics Reanalysis (GLORYS12V1) (https://copernicus.eu/), with a resolution of 0.083°. Monthly averaged chlorophyll concentration data, with a resolution of 4 km (measured in mg/m³), were sourced from NASA Ocean Color’s Aqua MODIS. Bathymetric data were retrieved from the GEBCO (https://www.gebco.net/) at a resolution of 15 arc-seconds, measured in meters, from which slope data were also derived. All environmental variables were resampled to a 1 km resolution to align with the temporal scale of the species data. Pearson correlation analysis was conducted in R, to reduce multicollinearity among environmental variables, retaining the variable with higher significance when the Pearson correlation coefficient between two variables exceeded 0.8. Ultimately, nine environmental variables were selected for analysis (Table 1).


Table 1 | Environmental variables.



To evaluate the potential future distribution of top predators in the South Shetland Islands and surrounding waters, we utilized three Shared Socioeconomic Pathways (SSPs) from the CMIP6 database: SSP1-2.6, SSP2-4.5, and SSP5-8.5, corresponding to global radiative forcing levels stabilizing at 2.6 W/m², 4.5 W/m², and 8.5 W/m² by 2100, respectively (Riahi et al., 2017).

Environmental variable data under both historical and future scenarios were obtained from the high-resolution global coupled climate model MPI-ESM1-2-HR, provided by the German Climate Computing Center. Historical data encompassed the period from 1993 to 2014, while future data corresponded to the years 2029 to 2050 and 2079 to 2100 across three SSP scenarios. Initially, differences in environmental variables future SSP scenarios and historical data were calculate, to identify potential changes under future climate conditions. Bilinear interpolation was then applied to resample these calculated differences, ensuring consistency in spatial resolution with the current environmental variables. Finally, by integrating these resampled change values with existing environmental variables, a comprehensive dataset was created to predict future environmental conditions (Tabor and Williams, 2010).




2.4 Model parameters

This study employed the Maxent model to evaluate the potential habitat distribution of top predators. We used 75% of the data as the training set, with the remaining 25% for validation. The model executed 500 iterations and was run 10 times using the Bootstrap method. The contribution of each environmental variable was evaluated using a jackknife test. Based on the Maxent model output, habitat suitability was categorized into four levels: unsuitable (values below 0.4), moderately suitable (values between 0.4 and 0.6), moderately suitable (values between 0.6 and 0.8), and highly suitable (values 0.8 and above). Model performance was assessed using the area under the receiver operating characteristic curve (AUC), where a higher AUC values indicate greater predictive accuracy and robustness (Gonzalez et al., 2011).

The species richness index was used to identify potential priority areas within the South Shetland Islands and surrounding waters. A threshold maximizing training sensitivity and specificity was applied to model predictions for each species, with values above this threshold to 1 (predicted presence) and those below set to 0 (predicted absence). Summing these presence (1) and absence (0) values for all species at each pixel allowed for calculation of the species richness index for each pixel (Ballard et al., 2012; Wiens et al., 2009).

Zonation5 software were used to identify important ecological areas. Zonation is a tool that prioritizes ecological conservation by maximizing biodiversity value across spatial units, preserving adjusted feature richness. This software creates a comprehensive prioritization sequence by iteratively removing spatial units with minimal biodiversity impact and reordering the remaining areas, thereby producing a prioritized map for biodiversity conservation (Lehtomäki and Moilanen, 2013; Moilanen et al., 2022; Tan et al., 2023). In this study, the CAZ1 marginal loss rule was selected to calculate feature richness curves and formulating spatial conservation priority maps. This rule is designed to optimize average coverage across all features, ensuring comprehensive protection of biodiversity and ecosystem services (Moilanen et al., 2022). This study emphasized regions of high conservation value, identified by the top 1% and 5% distribution thresholds, which correspond to 99% and 95% protection levels, respectively (Krüger et al., 2017; Pereira et al., 2018).





3 Result



3.1 Current results



3.1.1 MaxEnt modeling results for top predators

The accuracy of the MaxEnt model and the contribution of all environmental variables are presented in Table 2. ROC analysis indicated that the AUC values for each top predator in the study area exceed 0.8, with standard deviations below 0.056 and an average AUC value of 0.859. Among the species, the Chinstrap Penguin (Pygoscelis antarcticus) had the lowest AUC value at 0.800, while the Leopard Seal (Hydrurga leptonyx) showed the highest at 0.930. These results demonstrated that the MaxEnt model had high predictive accuracy and reliability, establishing a robust foundation for further analysis. Overall, bathymetry, mixed layer thickness, and sea ice concentration emerged as the primary environmental variables influencing species distribution.


Table 2 | MaxEnt performance (mean AUC ± standard deviation for 10 bootstrapped runs) and contribution of each variable.



The potential suitable areas of top predators are shown in Figure 2. MaxEnt modeling results revealed four distinct habitat distribution patterns for top predators in the South Shetland Islands and surrounding waters: 1. Predominantly distributed in the northern waters of the South Shetland Islands; 2. Primarily concentrated in the Bransfield Strait to the south of the islands; 3. Primarily concentrated near coastal areas; 4. Widespread distribution. Species predominantly found in the northern waters included the Antarctic Prion (Pachyptila desolata), Blue Petrel (Halobaena caerulea), Light-mantled Albatross (Phoebetria palpebrata), Northern Giant Petrel (Macronectes halli), and White-chinned Petrel (Procellaria aequinoctialis) (Figures 2D, E, J, K, N). Those mainly distributed within the Bransfield Strait were the Chinstrap Penguin (Pygoscelis antarcticus) and Humpback Whale (Megaptera novaeangliae) (Figures 2F, H). Species found predominantly near the coast included the Adélie Penguin (Pygoscelis adeliae), Gentoo Penguin (Pygoscelis papua), Leopard Seal (Hydrurga leptonyx), Snow Petrel (Pagodroma nivea), and Weddell Seal (Leptonychotes weddellii) (Figures 2A, G, I, L, M). Species with widespread distributions included the Antarctic Fur Seal (Arctocephalus gazella) and Antarctic Petrel (Thalassoica antarctica) (Figures 2B, C). Among all top predators, the Antarctic Fur Seal had the largest total habitat area, approximately 39,625.11 km² (Figures 2B, 3), while the Northern Giant Petrel (Macronectes halli) had the smallest habitat area, approximately 7,622.94 km² (Figures 2K, 3). The Light-mantled Albatross (Phoebetria palpebrata) had the largest area of highly suitable habitat, approximately 4,434.49 km² (Figures 2J, 3), whereas the Antarctic Petrel (Thalassoica antarctica) had the smallest highly suitable habitat, about 386.10 km² (Figures 2C, 3).




Figure 2 | (A–N) Potential suitable areas for top predators in the South Shetland Islands. Blue represents unsuitable areas, green represents marginally suitable habitats, yellow represents moderately suitable habitats, and red represents highly suitable habitats.






Figure 3 | Overall habitat areas for top predators in the South Shetland Islands.






3.1.2 Species richness

The modeled distribution of the species richness index across the South Shetland Islands is illustrated in Figure 4. Overall, regions with high species richness were concentrated along the southern coastal areas of the South Shetland Islands, as well as around Smith Island and Low Island on the western side. In contrast, extensive low-density areas were evident in the northwestern part of the study area and along the eastern side of the Bransfield Strait, indicating that these regions were less frequented by top predators.




Figure 4 | Modeled species richness of top predators in the South Shetland Islands.






3.1.3 Location of Areas of Ecological Significance (AESs)

This study emphasized regions of high conservation value, identified by the top 1% and 5% distribution thresholds, which correspond to 99% and 95% protection levels, respectively (Krüger et al., 2017; Pereira et al., 2018). In the South Shetland Islands and surrounding waters, AES were primarily distributed along the southern coastal regions of the islands. Based on geographical features, the AES were subdivided into three sections: A, B, and C. Area A included Smith Island, Low Island, and their adjacent waters; Area B included Snow Island, Rugged Island, Deception Island, Livingston Island, Halfmoon Island, Greenwich Island, and Robert Island and surrounding waters; Area C included Nelson Island, George Island, and Penguin Island, and adjacent waters. Within areas designated for 95% protection, Area A contained approximately 796.54 km² of AES, Area B approximately 1705.18 km², and Area C approximately 1166.23 km², respectively. For regions with 99% protection, Area A encompassed approximately 96.24 km² of AES, Area B approximately 408.18 km², and Area C approximately 234.94 km², respectively (Figure 5).




Figure 5 | (A–C) AESs of the top 5% and top 1% importance. Red represents the Areas of Ecological Significance (AES) in the top 1%, and yellow represents the i Areas of Ecological Significance (AES) in the top 5%.







3.2 Results under future climate conditions



3.2.1 Future suitable habitat fluctuations

The accuracy of the MaxEnt model under various future scenarios and the contributions of environmental variables are presented in Supplementary Tables S1-S6. ROC analysis indicated that AUC values for each top predator in the study area exceed 0.792, with standard deviations below 0.075 and an average AUC of 0.8535. The highest AUC value was observed for the Weddell Seal under the SSP5-8.5 scenario at the end of this century, with an AUC of 0.951, while the lowest AUC was recorded for the Chinstrap Penguin under the SSP126-29 scenario at the end of this century, with an AUC of 0.792. These results demonstrated the high predictive accuracy and robustness of the MaxEnt model, providing a solid foundation for subsequent analyses.

As shown in Figure 6, the extent of highly suitable habitats for top predators, including the Gentoo Penguin, Humpback Whale, and Light-mantled Albatross were projected to decrease across various future scenarios. Among these, the Light-mantled Albatross would experience the most significant decline under the SSP5-8.5 scenario by the end of this century, with a decline of 38.25%, representing approximately 1696.12 km² (Figure 6F). The smallest decline across all top predators occurred for the Light-mantled Albatross during the mid-century under the SSP2-4.5 scenario, at 3.47%, or approximately 153.99 km² (Figure 6C). Notably, the Antarctic Petrel was projected to undergo severe reductions in highly suitable habitat area under the SSP5-8.5 scenario, with a 98.82% decrease (approximately 381.57 km²) by mid-century (Figure 6E) and 98.39% reduction (approximately 379.87 km²) by the end of the century (Figure 6F). In contrast, highly suitable habitats for the Weddell Seal were expected to increase under various scenarios, with the largest increase occurring mid-century under the SSP5-8.5 scenario reaching 120%, approximately 759.18 km² (Figure 6E). The smallest increase for the Weddell Seal occurred by the end of this century under the SSP2-4.5 scenario, at 3.22%, approximately 20.38 km² (Figure 6D).




Figure 6 | (A–F) Changes in the highly suitable habitat areas for top predators across various climate scenarios in the South Shetland Islands. Green represents an increase in habitat area, and orange represents a decrease in habitat area.



Changes in the total habitat area for top predators in the South Shetland Islands and surrounding waters are depicted in Figure 7. Total habitat areas for species such as the Adélie Penguin, Antarctic Prion, Gentoo Penguin, Humpback Whale, and Snow Petrel all showed an increase under various future scenarios. Specifically, the Adélie Penguin exhibited the largest increase in total habitat area under the SSP1-2.6 scenario by the end of this century, at 67.99%, approximately 10,364.7 km² (Figure 7B). The Humpback Whale showed the smallest increase under the SSP2-4.5 scenario by the end of this century, at 2.09%, approximately 648.22 km² (Figure 7D). The total habitat area for the Antarctic Fur Seal showed a 13.89% increase by the end of this century under the SSP2-4.5 scenario (Figure 7D). However, other future scenarios revealed a trend of decline for this species, with the largest reduction occurring mid-century under the SSP1-2.6 scenario, at 19.65%, approximately 7785.41 km² (Figure 7A), and the smallest decline occurring mid-century under the SSP2-4.5 scenario, at 5.53%, approximately 2189.79 km² (Figure 7C).




Figure 7 | (A–F) Changes in the overall habitat areas for top predators across various climate scenarios in the South Shetland Islands. Green represents an increase in habitat area, and orange represents a decrease in habitat area.



Regarding the proportion of highly suitable habitats, species such as the Gentoo Penguin, Humpback Whale, Light-mantled Albatross, and Snow Petrel consistently exhibited declines across future scenarios (Figure 8). The Light-mantled Albatross showed the most significant proportional decrease under the SSP5-8.5 scenario by the end of this century, with an 8.89% reduction (Figure 8F), while the smallest decline for this species occurred mid-century under the SSP1-2.6 scenario, at 0.63% (Figure 8A). In contrast, the proportion of highly suitable habitats for the Weddell Seal consistently increased, with the most significant rise occurring mid-century under the SSP2-4.5 scenario, at 6.86% (Figure 8C), and the smallest rise by the end of this century under the SSP2-4.5 scenario, at 0.94% (Figure 8D).




Figure 8 | (A–F) Changes in the proportion of highly suitable habitat area relative to the total habitat area under different future scenarios in the South Shetland Islands. Green represents an increase in the proportion of highly suitable habitat area relative to the overall habitat area, and orange represents a decrease in this proportion.






3.2.2 Future AES fluctuations

In the analysis of future scenarios, we observed that the area of AESs within the top 5% key regions exhibited varying degrees of change across different areas. Specifically, Area A showed an expansion during the mid-century under the SSP2-4.5 scenario and at the end of the century under the SSP5-8.5 scenario. However, it generally declined across other scenarios, particularly at the end of the century under SSP2-4.5, where the reduction was significant, amounting to 56.57% (approximately 450.64 km²; Figures 9D, 10A, 11A). In contrast, Area B experienced relatively minor changes, with the most substantial fluctuation being an increase of 19.73% (approximately 336.28 km²) at the end of the century under SSP2-4.5 (Figures 9D, 10A, 11A). Area C showed the most considerable decrease during the mid-century under SSP2-4.5, reaching 33.64% (approximately 392.33 km²; Figures 9C, 10A, 11A).




Figure 9 | (A–F) AESs of top 5% and top 1% importance under different scenarios. Red represents the Areas of Ecological Significance (AES) in the top 1%, and yellow represents the i Areas of Ecological Significance (AES) in the top 5%.






Figure 10 | (A, B) Percentage area changes in Areas of Ecological Significance (AES) in the South Shetland Islands under different future scenarios. Yellow represents Area A, green represents Area B, and blue represents Area C.






Figure 11 | (A, B) Area changes in Areas of Ecological Significance (AES) in the South Shetland Islands Under Different Future Scenarios. Red represents Area A, yellow represents Area B, green represents Area C, and blue represents shelf break region.



Additionally, significant expansion of the AES area was projected on the northern side of Areas A and B, particularly within the shelf break region north of the South Shetland Islands. Currently, the AES area in this region measured only 5.66 km². However, it was anticipated to undergo rapid expansion under various future scenarios. Notably, during the mid-century under the SSP1-2.6 scenario, the area is expected to increase substantially, reaching 189.09 km² (Figures 9A, 11A).

Under future scenarios analyses, the AES area within the top 1% key regions exhibited significant fluctuations in Areas A and C. In Area A, growth was observed during the mid-century under the SSP2-4.5 scenario and at the end of the century under the SSP5-8.5 scenario. However, substantial declines occurred in all other scenarios, particularly at the end of the century under SSP2-4.5, where the reduction reached a staggering 92.35% (approximately 88.88 km²; Figures 9D, 10B, 11B). Area C also experienced a dramatic decrease during the mid-century under SSP2-4.5, with a reduction of 65.54% (approximately 153.99 km²; Figures 9C, 10B, 11B), marking the second-largest decline after Area A. In other periods and scenarios, fluctuations in Area C were relatively minor. In contrast, Area B showed more moderate changes within the 1% key regions. Although a decrease of 17.48% (approximately 71.33 km²; Figures 9F, 10B, 11B) was observed at the end of the century under SSP5-8.5, the area generally showed increases under other scenarios. The most significant growth occurred at the end of the century under SSP2-4.5, with an increase of 28.85% (approximately 117.75 km²; Figures 9D, 10B, 11B).

In the shelf break region north of the South Shetland Islands, there are currently no AESs within the top 1% key areas. Future increase in AES area within this region is minimal, occurring only during the mid-century under the SSP1-2.6 scenario and across all time points under the SSP5-8.5 scenario (Figures 9, 11B).






4 Discussion



4.1 Interpretation of the MaxEnt model

Our results indicate that bathymetry, mixed layer thickness, and sea ice concentration are the primary environmental variables influencing the distribution of top predators in the South Shetland Islands and surrounding waters. Previous studies have demonstrated that the distribution of marine top predators is associated with bathymetric features, though this relationship varies among species and taxonomic groups (Amélineau et al., 2016; Cox et al., 2018; Serratosa et al., 2020; Yen et al., 2004).

According to the response curve for bathymetry, top predators in the study area can be divided into two groups based on bathymetric preferences. The first group exhibits a preference for shelf break zones, with optimal habitat suitability at bathymetry values ranging from -1000 m to -3000 m. This group includes species such as Antarctic Prion, Blue Petrel, Humpback Whale, Light-mantled Albatross, Southern Giant Petrel, and White-chinned Petrel. The second group prefers the coastal areas of the South Shetland Islands, with peak habitat suitability occurring at bathymetry values near or above 0 m. This group includes the Adelie Penguin, Antarctic Fur Seal, Antarctic Petrel, Chinstrap Penguin, Gentoo Penguin, Leopard Seal, Weddell Seal, and Snow Petrel.

Mixed layer thickness is another crucial variable influencing seabird distributions, primarily driven by coastal upwelling (Ainley et al., 2005b). Changes in mixed layer thickness, resulting from the ascent of nutrient-rich cold water to the surface, significantly affect local primary productivity and thus influence the food sources for seabirds (Ballance et al., 1997; Serratosa et al., 2020).

In our study, mixed layer thickness demonstrates a notable gradient increase from south to north, which is mirrored in the habitat distribution of top predators. According to the response curve for mixed layer thickness, species such as the Antarctic Prion, Blue Petrel, Light-mantled Albatross, Northern Giant Petrel, and White-chinned Petrel show a preference for the regions with higher mixed layer thickness, with their habitats concentrated in the northern part of the South Shetland Islands. In contrast, other top predators favor areas with lower mixed layer thickness, consistent with their preference for southern habitats.

Variations in ecology and life history strategies lead different top predators to adopt distinct foraging strategies within sea ice regions, resulting in diverse preferences for sea ice use and varied responses to changes in sea ice conditions (Bestley et al., 2020; Constable et al., 2014; Jenouvrier et al., 2005; Massom and Stammerjohn, 2010; Southwell et al., 2015). Response curves for sea ice concentration indicate that species such as the Adélie Penguin, Gentoo Penguin, and Snow Petrel are more inclined towards areas with relatively high sea ice concentration, aligning with their highly suitable habitats in the southern part of the study area, primarily around the Antarctic Peninsula. In contrast, other species display higher habitat suitability in areas with lower sea ice concentration, suggesting a preference for ice-free, open waters.

Moreover, responses of different top predators to environmental changes in the Southern Ocean vary according to species-specific traits, such as dietary flexibility, environmental sensitivity, and dispersal ability (Younger et al., 2016). Additionally, behavioral diversity and physiological plasticity may result in varied responses to environmental factors like sea ice changes among different species or even among individuals within a species (Bestley et al., 2020). These differences should be considered in future management and conservation plans for the Southern Ocean.




4.2 Habitat fluctuations of top predators

Overall, the habitat quality for top predators in the South Shetland Islands and surrounding waters is projected to decline in the future. Across various scenarios, the total area of habitats for most top predators shows an increasing trend. During Mid-century under the SSP2-4.5 scenario, the number of top predators with an expanded total habitat area reaches its peak, with 13 species, accounting for 92.86%. However, by the end of the century under the same scenario, the number of species with increased habitat area is at its lowest, with only 8 species, representing 57.14%. Despite the increase in total habitat area, the proportion of highly suitable habitats for most top predators declines. At the end of the century under the SSP5-8.5 scenario, the number of top predators experiencing a reduction in the proportion of highly suitable habitats is the highest, with 11 species, representing 78.57%. Across all other scenarios and time points, this proportion of highly suitable habitats decreases for 10 top predators, representing 71.43%. Therefore, it is imperative to strengthen the conservation efforts for top predators in this region, particularly focusing on the highly suitable habitats.




4.3 Areas of Ecological Significance

Previous studies have identified Important Bird Areas (IBAs) in the South Shetland Islands based on habitat data for Adélie and Emperor penguins, indicating that IBAs are primarily located in the northern coastal regions of the South Shetland Islands (Handley et al., 2021). Our study is the first to utilize the distribution of top predators in marine environments to identify AES around the South Shetland Islands and adjacent maritime zones, incorporating a broader range of top predators and extending further into offshore areas.

In Area A, the AES surface area within the top 5% and top 1% critical regions exhibits significant fluctuations, with many scenarios indicating a reduction in AES coverage. This suggests that Area A may experience substantial environmental pressures in the future, potentially leading to instability in its AES extent. In contrast, Area B shows notable stability in AES surface area within both the top 5% and top 1% critical regions, with only minor changes observed. Similarly, AES surface area within Area C remains relatively stable in the top 5% critical regions but exhibits more pronounced fluctuations within the top 1% scenarios. Furthermore, expansions in AES area on the northern side of the shelf break near the South Shetland Islands are primarily observed within the top 5% critical regions. In contrast, increases in the top 1% critical areas are minimal and remain largely concentrated around the southern coastal regions of the South Shetland Islands.

Future conservation efforts should prioritize protecting these identified AESs. Areas expected to experience significant fluctuations or reductions in habitat size should receive enhanced monitoring and ongoing assessment to track ecological changes closely. For instance, AES in Region A is anticipated to face considerable environmental pressures leading to significant area fluctuations and thus requires intensive monitoring. Conversely, AES in the continental shelf break region north of the South Shetland Islands is projected to expand. Such potentially expanding areas should have proactive conservation plans developed in advance to ensure timely and effective protection during their growth.





5 Conclusion

This study employed the MaxEnt model and Zonation method to predict the current and future distributions of suitable habitats and Areas of Ecological Significance for 14 top predators in the South Shetland Islands under various scenarios. The key findings are as follows: 1) The primary environmental variables affecting the distribution of top predators in the South Shetland Islands are bathymetry, mixed layer thickness, and sea ice concentration. 2) The area of highly suitable habitats for the Gentoo Penguin, Humpback Whale, and Light-mantled Albatross is projected to decrease steadily under different future scenarios. 3) AES are predominantly concentrated =along the southern coastal areas of the South Shetland Islands. 4) In the future, AES areas on the western side of the South Shetland Islands are projected to experience significant fluctuations, followed by those on the eastern side, while AES within the central region is anticipated to remain relatively stable.
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