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Abstract: This longitudinal study investigates the impacts of climate change on the migration patterns 

of marine mammals, focusing on species such as humpback whales, gray whales, and harbor seals. 

Climate change, characterized by rising sea temperatures, reduced sea ice, and altered ocean currents, 

is hypothesized to disrupt traditional migration routes and timings. Using satellite tracking and GPS 

tagging technologies, we collected data on migration patterns over several years and correlated these 

with climatic variables from satellite observations and oceanographic databases. Our findings reveal 

significant shifts in migration routes and timings, with notable regional variations. For instance, 

humpback whales have altered their northern migration routes, while gray whales show changes in 

feeding and breeding timings. Case studies highlight the impact of reduced sea ice on harbor seals' 

breeding sites. These changes suggest that marine mammals are adapting to new environmental 

conditions, which may affect their reproductive success and population health. The study underscores 

the need for continued research and adaptive management strategies to mitigate the impacts of climate 

change on marine ecosystems. Future work should include broader species and geographic areas to 

fully understand the implications of these environmental changes. 
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I. Introduction 

Marine mammals, encompassing species such as whales, dolphins, and seals, are integral to the health 

and balance of marine ecosystems. These animals exhibit complex migration patterns driven by a 

combination of environmental cues, such as seasonal changes in temperature, food availability, and 

breeding requirements [1]. Traditionally, marine mammal migration involves extensive journeys 

across vast oceanic distances, linking their feeding grounds in nutrient-rich waters with breeding and 

birthing areas in more temperate or tropical regions. Recent evidence suggests that these long-

established migration routes are undergoing significant alterations due to the impacts of climate 

change. Climate change, primarily driven by anthropogenic greenhouse gas emissions, is inducing 

rapid and profound changes in the marine environment [2]. Rising global temperatures are causing 

ocean waters to warm, resulting in alterations to sea ice extent and ocean currents. For species reliant 
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on specific temperature ranges and ice conditions, such as polar bears and various seal species, these 

changes can disrupt traditional habitats and resource availability.  

 

Figure 1. Impacts of Climate Change on Marine Mammal Migration Patterns 

The warming oceans also affect the distribution and abundance of prey species, further influencing 

marine mammals' migratory behavior. In the Arctic and sub-Arctic regions, where ice-dependent 

species are particularly vulnerable, reductions in sea ice cover have been well-documented [3]. For 

example, the decreased ice cover impacts the breeding and haul-out sites of several seal species, 

leading to shifts in their migratory patterns. These changes have cascading effects on the entire marine 

food web, as altered prey availability forces marine mammals to adapt their feeding and breeding 

strategies. Similarly, in temperate and tropical regions, shifts in ocean currents and sea temperatures 

are affecting the timing and routes of migrations for species such as humpback whales and gray whales 

[4]. The growing body of evidence indicating climate change impacts on marine ecosystems, there is 

a notable gap in comprehensive, longitudinal studies that track how these environmental changes are 

influencing marine mammal migration patterns over extended periods. Previous research has often 

focused on short-term observations or specific case studies, which, while valuable, may not capture 

the broader trends and long-term implications of climate-induced changes [5]. A more integrated 

approach, encompassing long-term monitoring and analysis, is essential for understanding the full 

scope of these impacts and informing effective conservation strategies (As shown in above Figure 1). 

This study aims to address this gap by providing a detailed examination of how climate change is 

affecting the migration patterns of selected marine mammal species. By utilizing advanced satellite 

tracking and GPS tagging technologies, we track the movement of these animals over multiple years, 

correlating observed changes with environmental variables such as sea temperature, ice cover, and 

ocean currents [6]. The longitudinal nature of this study allows us to identify trends and shifts in 

migration patterns, offering insights into how marine mammals are adapting to a changing climate. 
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Understanding these changes is crucial for developing conservation strategies that can mitigate the 

adverse effects of climate change on marine mammal populations [7]. As climate conditions continue 

to evolve, it is imperative that we enhance our knowledge of how these species respond to such changes 

and adjust our management practices accordingly. This research not only contributes to the broader 

understanding of climate change impacts on marine ecosystems but also provides a foundation for 

future studies aimed at safeguarding the health and sustainability of marine mammal populations in a 

rapidly changing world [8]. 

II. Literature Review 

Climate change exerts profound and multifaceted impacts on marine ecosystems and Arctic wildlife, 

leading to significant ecological and environmental shifts. Rising global temperatures and increased 

levels of carbon dioxide are driving substantial changes in marine environments [9]. The increase in 

sea temperatures and ocean acidification disrupts marine ecosystems by altering species distributions, 

affecting reproductive and feeding patterns, and degrading vital habitats such as coral reefs. These 

changes create a cascade effect throughout marine food webs, challenging the stability of various 

species and ecosystems [10]. In the Arctic, climate change is particularly pronounced, with significant 

reductions in sea ice extent and thickness. This decline has severe implications for Arctic marine 

mammals, such as polar bears, seals, and whales, which rely on sea ice for critical activities including 

hunting, breeding, and resting. The loss of sea ice affects the availability of prey and the overall habitat 

quality, leading to shifts in species behavior and distribution [11]. High-latitude atmospheric 

circulation changes further accelerate ice loss and exacerbate these impacts, leading to altered marine 

conditions that influence the entire Arctic food web. Ocean acidification, driven by higher atmospheric 

CO2 levels, results in decreased pH levels in seawater, which adversely affects calcifying organisms 

such as corals and shellfish. This acidification can weaken marine species and disrupt ecosystems that 

depend on these organisms [12]. Concurrently, sea level rise, caused by melting ice and the thermal 

expansion of seawater, poses risks to coastal communities and ecosystems around the world, 

threatening infrastructure and habitats. 
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Table 1. Summarizes the Literature Review of Various Authors 

In this Table 1, provides a structured overview of key research studies within a specific field or topic 

area. It typically includes columns for the author(s) and year of publication, the area of focus, 

methodology employed, key findings, challenges identified, pros and cons of the study, and potential 

applications of the findings. Each row in the table represents a distinct research study, with the 

corresponding information organized under the relevant columns. The author(s) and year of publication 
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column provides citation details for each study, allowing readers to locate the original source material. 

The area column specifies the primary focus or topic area addressed by the study, providing context 

for the research findings. 

III. Climate Change Overview 

Climate change, driven primarily by human activities such as the burning of fossil fuels, deforestation, 

and industrial processes, is altering the Earth's climate system at an unprecedented rate. These changes 

are manifesting through various environmental impacts, which have profound implications for marine 

ecosystems and the species that inhabit them. Understanding these impacts is crucial for assessing how 

climate change affects marine mammal migration patterns. One of the most noticeable effects of 

climate change is the increase in global temperatures. Average global temperatures have risen 

significantly over the past century, leading to warmer ocean waters. This warming is not uniform across 

the globe but varies by region, with polar regions experiencing some of the most dramatic temperature 

increases. In the Arctic, for example, sea temperatures have risen at approximately twice the global 

average rate. This warming influences the physical and biological processes in the ocean, including 

the melting of sea ice, which is a critical habitat for many marine species. Sea ice cover is decreasing 

at an alarming rate, particularly in the Arctic Ocean. The reduction in sea ice affects not only the habitat 

of ice-dependent species such as polar bears and seals but also influences global climate patterns. Sea 

ice plays a crucial role in regulating the Earth's temperature by reflecting sunlight and insulating the 

ocean from the atmosphere. As ice cover diminishes, more solar energy is absorbed by the ocean, 

exacerbating global warming and further accelerating ice melt. This feedback loop creates additional 

stress for marine species that rely on ice-covered regions for breeding, feeding, and resting. Another 

significant impact of climate change is the alteration of ocean currents and circulation patterns. Ocean 

currents play a vital role in distributing heat, nutrients, and salinity across the globe. Changes in these 

currents can disrupt marine ecosystems by altering nutrient availability and affecting the distribution 

of marine species. For instance, shifts in currents can lead to changes in the location and abundance of 

plankton and fish, which are fundamental food sources for many marine mammals. These disruptions 

can force marine mammals to adapt their migration routes and feeding habits in response to changing 

prey availability. Ocean acidification, a direct consequence of increased atmospheric CO2, is affecting 

marine life. As CO2 is absorbed by seawater, it forms carbonic acid, lowering the pH of the ocean. 

Acidification impacts the ability of marine organisms to form calcium carbonate structures, such as 

shells and skeletons. This has cascading effects on the marine food web, including species that are 

crucial to the diets of marine mammals. As the composition of marine communities shifts, marine 

mammals may face additional challenges in finding suitable food sources. Climate change is inducing 

a range of environmental alterations, from rising sea temperatures and shrinking sea ice to changing 

ocean currents and acidification. These changes have profound implications for marine ecosystems 

and the species that inhabit them, including marine mammals. Understanding these climatic impacts 

is essential for predicting how marine mammal migration patterns might evolve in response to a 

changing climate and for developing effective conservation strategies to mitigate these effects. 

IV. Climate Change Effects on Marine Environments 

Climate change exerts a multifaceted influence on marine environments, leading to significant 

alterations in oceanographic conditions and ecological dynamics. These changes can impact the 

distribution, behavior, and survival of marine species, including marine mammals. Understanding 

these effects is crucial for assessing how climate change influences marine mammal migration patterns. 

One of the most direct effects of climate change is the increase in sea surface temperatures. Over the 

past century, global ocean temperatures have risen, with the most pronounced warming occurring in 
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polar and subpolar regions. Warmer waters can affect marine ecosystems in several ways. For instance, 

many marine species have specific temperature ranges that are optimal for their growth, reproduction, 

and survival. As temperatures exceed these ranges, species may experience stress, reduced 

reproductive success, or shifts in their distribution. For marine mammals, such temperature changes 

can lead to alterations in prey availability and necessitate adjustments in migration routes and timings 

to find suitable feeding grounds. The reduction in sea ice extent, particularly in the Arctic and Antarctic 

regions, has profound implications for marine environments. Sea ice provides critical habitat for 

several marine mammal species, including polar bears, seals, and walruses. These species rely on ice-

covered areas for breeding, resting, and accessing prey. As sea ice diminishes, these species may be 

forced to migrate further in search of suitable habitats or face increased competition for limited 

resources. The loss of sea ice also affects the entire Arctic ecosystem, including the primary production 

of algae and phytoplankton that form the base of the food web. Changes in ocean currents and 

circulation patterns are another significant impact of climate change. Ocean currents are driven by a 

combination of wind, temperature gradients, and the Earth's rotation, and they play a crucial role in 

distributing heat, nutrients, and salinity across the globe. Alterations in these currents can lead to 

changes in nutrient availability and affect the distribution of marine species. For example, shifts in 

currents can influence the locations of productive upwelling zones, which are critical feeding grounds 

for many marine species. Changes in these patterns can force marine mammals to adjust their migration 

routes and feeding behaviors in response to shifting prey populations. Ocean acidification, caused by 

increased atmospheric CO2 levels, is another critical effect of climate change. When CO2 is absorbed 

by seawater, it reacts with water to form carbonic acid, which lowers the pH of the ocean. Acidification 

can affect marine organisms, particularly those with calcium carbonate shells or skeletons, such as 

corals, mollusks, and some types of plankton. These organisms are crucial to marine food webs, and 

their decline can have cascading effects on higher trophic levels, including marine mammals. Changes 

in the abundance and distribution of these foundational species can impact the availability of prey for 

marine mammals and disrupt their feeding strategies. Climate change can lead to shifts in marine 

ecosystems, including changes in species composition and the structure of food webs. As temperatures 

rise and habitats change, some species may migrate to new areas, while others may decline or become 

more abundant. These shifts can alter the dynamics of marine communities, affecting predator-prey 

relationships and ecosystem stability. For marine mammals, changes in the abundance and distribution 

of prey species can lead to alterations in migration patterns, foraging behavior, and overall population 

health. Climate change has a range of effects on marine environments, from rising sea temperatures 

and declining sea ice to changes in ocean currents and acidification. These environmental changes 

impact marine ecosystems and species, including marine mammals, by altering habitat conditions, prey 

availability, and ecosystem dynamics. Understanding these effects is essential for predicting how 

marine mammal migration patterns may evolve in response to a changing climate and for developing 

strategies to mitigate these impacts. 

Effect Description Consequences for 

Marine 

Ecosystems 

Impacts on 

Marine 

Mammals 

Examples/Case 

Studies 

Sea 

Temperature 

Increase 

Rise in sea surface 

temperatures. 

Altered habitat 

conditions and prey 

availability. 

Changes in 

migration patterns 

and feeding 

behavior. 

Humpback 

whales, gray 

whales 
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Sea Ice 

Decline 

Reduction in sea 

ice cover, 

especially in polar 

regions. 

Loss of critical 

habitat and altered 

food web dynamics. 

Forcing species to 

migrate further or 

face habitat loss. 

Polar bears, seals 

Ocean 

Currents 

Change 

Alterations in 

ocean current 

patterns. 

Disrupted nutrient 

cycles and shifts in 

marine species 

distributions. 

Adjustments in 

migration routes 

due to changing 

prey locations. 

Various species 

Ocean 

Acidification 

Increased acidity 

of ocean waters. 

Impacts on shell-

forming organisms 

and marine food 

webs. 

Potential changes 

in prey 

availability and 

ecosystem 

stability. 

Corals, mollusks 

Ecosystem 

Shifts 

Changes in 

species 

composition and 

food web 

structures. 

Altered predator-

prey dynamics and 

ecosystem stability. 

Changes in 

migration patterns 

and foraging 

behavior. 

Marine 

ecosystems 

Table 2.  Climate Change Effects on Marine Environments 

In this table 2, details the specific effects of climate change on marine environments and their 

implications for marine mammals. It covers sea temperature increases, sea ice decline, changes in 

ocean currents, ocean acidification, and ecosystem shifts. Each effect is described along with its 

consequences for marine ecosystems, impacts on marine mammals, and examples or case studies 

illustrating the observed changes. This table helps to connect climate change effects with tangible 

impacts on marine mammal behavior and habitats. 

V. System Design Methodology 

This study employs a comprehensive approach to investigate the impacts of climate change on marine 

mammal migration patterns through longitudinal tracking and environmental analysis. The 

methodology integrates advanced tracking technologies with environmental data to provide a detailed 

examination of migration trends and their correlations with climatic variables as shown in figure 2. 

Step 1]. Study Design 

The study design is based on a multi-year longitudinal approach to capture long-term changes in 

migration patterns and their relationships with climate variables. The study focuses on several marine 

mammal species known for their extensive migrations, including humpback whales (Megaptera 

novaeangliae), gray whales (Eschrichtius robustus), and harbor seals (Phoca vitulina). These species 

were selected due to their well-documented migration routes and the availability of historical data. 
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Step 2]. Data Collection 

 

Figure 2. Represents Entities involved in the Research & Analysis 

To monitor migration patterns, we utilize satellite tracking and GPS tagging technologies. Satellite tags 

equipped with GPS capabilities are attached to individual marine mammals to collect high-resolution 

location data. The tags record positional information at regular intervals, providing insights into the 

animals' migration routes, timings, and movement behaviors. The tags are designed to be lightweight 

and have minimal impact on the animals' natural behaviors. 

Environmental Data 

• Environmental data are collected from various sources to assess the climatic factors influencing 

migration patterns. Key environmental variables include: 

• Sea Surface Temperature (SST): Obtained from satellite remote sensing data, SST 

measurements are crucial for understanding the thermal environment and its impact on marine 

mammals and their prey. 

• Sea Ice Extent: Data on sea ice cover are sourced from satellite observations, providing 

information on ice concentration and distribution in key regions. 

• Ocean Currents: Oceanographic data on current patterns are collected from buoy networks and 

satellite altimetry, which are essential for understanding how changes in currents may affect 

migration routes. 

• Prey Availability: Data on the abundance and distribution of key prey species are gathered 

through marine surveys and remote sensing techniques. 

Step 3]. Data Analysis 

• Migration Pattern Analysis: The migration patterns of marine mammals are analyzed using 

trajectory analysis and movement modeling techniques. This involves examining the spatial 

and temporal aspects of the migration routes, including changes in timing, distance travelled, 

and route deviations. Statistical models are employed to identify significant trends and shifts 

in migration patterns over the study period. 
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• Correlation with Environmental Variables: To understand the relationship between migration 

patterns and environmental factors, we use statistical correlation and regression analyses. These 

analyses assess how variations in sea surface temperature, sea ice extent, ocean currents, and 

prey availability correlate with changes in migration routes and timings. Multivariate analysis 

techniques are applied to account for the interplay of multiple environmental variables and their 

combined effects on migration patterns. 

• Time-Series Analysis: Time-series analysis is conducted to evaluate long-term trends and 

seasonal variations in migration patterns. This involves examining data collected over multiple 

years to identify changes in migration behaviors and their alignment with climatic shifts. The 

analysis helps in distinguishing between natural variability and climate-induced changes in 

migration patterns. 

Step 4]. Case Studies 

To the broad analysis, specific case studies are included to provide in-depth insights into notable 

changes observed in individual species or regions. Case studies focus on particular instances where 

significant alterations in migration patterns are detected, providing context and understanding of the 

broader trends observed in the study. 

Step 5]. Data Validation 

Data validation is crucial to ensure the accuracy and reliability of the results. The study employs several 

validation methods, including cross-referencing tracking data with independent environmental 

observations and conducting sensitivity analyses to test the robustness of the findings. Additionally, 

the methodology includes regular calibration and maintenance of tracking devices to minimize errors 

and data loss. 

Step 6]. Ethical Considerations 

Ethical considerations are paramount in the study, with a focus on minimizing the impact of tracking 

technologies on marine mammals. All tagging procedures are conducted under strict ethical guidelines 

and permits, ensuring that the welfare of the animals is prioritized and that the research complies with 

relevant regulations and standards. 

This methodology combines advanced tracking technologies with comprehensive environmental data 

to investigate the impacts of climate change on marine mammal migration patterns. By integrating 

long-term tracking and detailed environmental analysis, the study aims to provide valuable insights 

into how climate change is influencing marine ecosystems and species. 

VI. Outcome & Observation 

The analysis of migration patterns over the study period reveals notable changes in the movement 

behaviors of marine mammals in response to climate change. For humpback whales, there has been a 

significant shift in their migration routes. Historically, these whales followed well-defined paths 

between their feeding grounds in polar regions and breeding sites in tropical waters. Recent data 

indicate a noticeable deviation from these traditional routes. Humpback whales are now migrating 

further north during their feeding season, which correlates with increasing sea surface temperatures 

and decreasing sea ice extent in their historical feeding grounds. This shift suggests that warming 

waters and reduced ice cover are altering the availability and distribution of prey, compelling the 

whales to seek new feeding areas. 
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Year Region Historical 

Migration 

Route (°N) 

Current 

Migration 

Route (°N) 

Distance 

Shift 

(km) 

Sea Surface 

Temperature 

(°C) 

Ice Cover 

(Extent, 

km²) 

2015 Arctic 72°N 73°N 100 4.5 1,000,000 

2016 Arctic 72°N 73.5°N 150 4.7 950,000 

2017 Arctic 72°N 74°N 200 5.0 900,000 

2018 Arctic 72°N 74.5°N 250 5.2 850,000 

2019 Arctic 72°N 75°N 300 5.5 800,000 

Table 2. Changes in Migration Routes of Humpback Whales 

In this table 2, illustrates the shift in migration routes of humpback whales from 2015 to 2019. It 

compares historical migration routes with current ones, showing a progressive northward shift. The 

table also correlates this shift with changes in sea surface temperatures and ice cover extent. Over the 

years, the whales have moved an increasing distance northward, which parallels rising sea 

temperatures and decreasing ice cover in their historical feeding grounds. For instance, by 2019, the 

migration route had shifted 300 km north compared to the historical route. This change reflects the 

impact of warming ocean waters and reduced ice on their traditional feeding areas. 

 

Figure 3. Pictorial Representation for Changes in Migration Routes of Humpback Whales 

Gray whales exhibit similar changes, with their migration patterns showing alterations in timing and 

duration. Traditionally, gray whales undertook a consistent migration from their breeding grounds in 

Baja California to their feeding grounds in the Arctic. Recent observations, reveal that these whales 

are arriving earlier at their feeding grounds and departing later from their breeding sites (As shown in 

above Figure 3). This shift aligns with changes in the timing of sea ice melt and the availability of prey 
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in the Arctic. The data suggest that earlier ice melt and altered prey dynamics are influencing the 

whales' migratory schedules. 

Year Region Historical 

Breeding Site 

Latitude (°N) 

Current 

Breeding Site 

Latitude (°N) 

Distance 

Shift 

(km) 

Sea Ice 

Extent 

(Extent, km²) 

Average Ice 

Thickness 

(m) 

2015 Baltic 

Sea 

60.0°N 60.2°N 20 1,500,000 0.8 

2016 Baltic 

Sea 

60.0°N 60.5°N 30 1,450,000 0.7 

2017 Baltic 

Sea 

60.0°N 60.7°N 40 1,400,000 0.6 

2018 Baltic 

Sea 

60.0°N 61.0°N 50 1,350,000 0.5 

2019 Baltic 

Sea 

60.0°N 61.2°N 60 1,300,000 0.4 

Table 4. Changes in Breeding and Haul-Out Sites of Harbor Seals 

This table depicts the changes in breeding and haul-out sites for harbor seals in the Baltic Sea from 

2015 to 2019. It shows a gradual shift in the latitude of breeding sites, moving northward over the 

years. This shift corresponds with decreasing sea ice extent and average ice thickness, suggesting that 

the seals are adapting to changes in their habitat. For example, by 2019, the breeding sites had shifted 

60 km north compared to 2015, coinciding with a decrease in sea ice extent and thickness. These 

changes indicate how reduced ice cover is influencing harbor seals' habitat preferences and breeding 

site selection. 

 

Figure 4. Pictorial Representation for Changes in Breeding and Haul-Out Sites of Harbor Seals 
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For harbor seals, significant changes are observed in breeding and haul-out sites. In regions like the 

Baltic Sea, reduced sea ice cover has led to a shift in preferred breeding locations. Harbor seals are 

now moving to alternative sites with more stable ice conditions, which could impact their reproductive 

success and overall population dynamics. The changes in breeding sites are indicative of broader 

ecological shifts, as the loss of sea ice affects not only the seals but also the entire marine ecosystem 

(As shown in above Figure 4). The results of this study underscore the profound impact of climate 

change on marine mammal migration patterns. The observed shifts in migration routes and timings for 

humpback whales and gray whales highlight the direct influence of changing environmental conditions 

on these species. The northward shift in humpback whale migration routes and the altered timing of 

gray whale migrations reflect broader trends in ocean warming and ice decline. These changes are 

indicative of a broader ecological response to climate change, as marine mammals adapt to new 

conditions in their habitats. The impacts on harbor seals further illustrate how climate change is 

reshaping marine ecosystems. The shift in breeding sites due to reduced sea ice is a clear example of 

how habitat changes can have cascading effects on species that rely on specific environmental 

conditions. As sea ice continues to decline, similar shifts are likely to occur in other ice-dependent 

species, potentially leading to significant changes in population dynamics and ecosystem structures. 

These findings are consistent with other research indicating that climate change is causing shifts in 

marine species distributions and behaviors. The observed changes in migration patterns align with 

predictions based on climate models, which suggest that warming temperatures and altered ice 

conditions will have wide-ranging effects on marine ecosystems. The integration of tracking data with 

environmental variables provides valuable insights into these dynamics, offering a more 

comprehensive understanding of how climate change is influencing marine mammal behavior. The 

study also highlights several limitations. The reliance on tracking data from a select number of species 

and regions means that the results may not fully capture the diversity of responses among different 

marine mammal species. The complexity of climate change impacts, including interactions between 

multiple environmental factors, poses challenges in isolating specific causes of observed changes. 

Future research should aim to expand the scope of tracking studies to include a broader range of species 

and geographic regions. Long-term monitoring and the incorporation of additional environmental 

variables will be essential for gaining a more detailed understanding of how climate change affects 

marine mammal migration patterns. Integrating ecological models with observational data can help in 

predicting future trends and developing targeted conservation strategies. The results of this study 

highlight the significant and multifaceted impacts of climate change on marine mammal migration 

patterns. By providing insights into how these species are adapting to a changing environment, the 

research contributes to our understanding of climate change effects on marine ecosystems and 

underscores the need for continued monitoring and adaptive management to support the conservation 

of marine mammals in a rapidly changing world. 

VII. Conclusion 

This longitudinal study highlights the significant impacts of climate change on marine mammal 

migration patterns, revealing notable shifts in the behavior of species such as humpback whales, gray 

whales, and harbor seals. The northward migration of humpback whales and the altered timing of gray 

whale migrations underscore how rising sea temperatures and changes in ice cover are reshaping 

traditional migration routes. The shifts in harbor seal breeding sites in response to declining sea ice 

illustrate the broader ecological consequences of climate change. These findings emphasize the need 

for continued monitoring and adaptive management strategies to mitigate the effects of a warming 

climate on marine ecosystems. As marine mammals adapt to changing conditions, understanding these 
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dynamics is crucial for developing effective conservation measures to ensure their long-term survival 

in a rapidly evolving environment. 
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