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[bookmark: _Toc164931091]Executive Summary 
Habitat models are crucial to understanding how a species interacts with its surrounding environments.  Despite being a protected species under the Marine Mammal Protection Act, little is known about the spatial extent of the short-finned pilot whales that live along the eastern coast of the United States. The short-finned pilot whale (Globicephala macrorhynchus) is one of two pilot whale species found in the northwestern Atlantic with both habitats overlapping around the Mid-Atlantic Bight. Previous literature has shown that the whales forage along the continental shelf break just off the coast of North Carolina, with some evidence to excursions in the Gulf Stream. The aim of this project was to create a habitat model for the short-finned pilot whales and examine possible correlation with Gulf Stream front. 

A General Additive Model (GAM) was created to better understand which environmental factors have the largest correlation with short-finned pilot whale sightings. Three environmental factors were analyzed based on their importance to pilot whales: sea surface temperature (SST), bathymetry, and proximity to continental shelf break. SST data was collected from the Moderate Resolution Imaging Spectrometer (MODIS) and the Hybrid Coordinate Ocean Model (HYCOM) to compare real-time high-resolution data to predictive low-resolution data. 

I found that sea surface temperature and bathymetry had the largest correlation with short-finned pilot whale sightings across both datasets. This suggests that the whales have a strong preference to areas of certain temperature gradients and depth. I deduce that the short-finned pilot whales are likely to follow the Gulf Stream front as long as waters remain in their preferred temperature range. With this knowledge, we can better determine how the short-finned pilot whales may react to rising ocean temperatures and how their habitats will adapt along the way. 




[bookmark: _Toc164931092]Introduction
The Gulf Stream is a dynamic ocean phenomenon with significant impact on marine life and productivity. Off the coast of North Carolina, the Gulf Stream collides with the cold, southward flowing Labrador Current (Shanmugam, 2012). The area occurs off the coast of North Carolina, around Cape Hatteras, and creates a series of frontal systems. Fronts are areas with large temporal gradients and high levels of nutrient mixing (Wenegrat et al., 2020). The Gulf Stream is often easily identifiable by sea surface temperature (SST) from remotely sensed thermal imagery. 
 
Short-finned pilot whales (Globicephala macrorhynchus) are one of two pilot whale species, the other being the long-finned pilot whale (Globicephala melas). Both species can be found along the eastern coast of the United States and have overlapping habitats which can make field identification challenging. The NOAA Fisheries Stock Assessment for 2021 cited sea surface temperature as a way to predict the separate habitats of short-finned versus long-finned pilot whales. Short-finned pilot whales prefer warmer, tropical, and subtropical waters while the long-finned pilot whales prefer cooler northern waters (Fisheries, 2023). As a result, short-finned pilot whales are uncommon in waters above the Chesapeake Bay. 

In addition, the continental shelf break has been identified as crucial foraging habitat for short-finned pilot whales. A study by Thorne et al. (2017) found a strong correlation with short-finned pilot whales and the continental shelf break. These authors suggested that short-finned pilot whales may have developed unique foraging adaptations specifically for steep bathymetry.  Thorne and her colleagues also noted that some tagged short-finned pilot whales were venturing into pelagic waters, using fronts and eddies associated with the Gulf Stream. 

In this study I endeavor to dive deeper into these preliminary findings to determine if there is a correlation between short-finned pilot whales and the occurrence of the Gulf Stream. I build a habitat model using different environmental factors to determine patterns in the short-finned pilot whale sightings. Finally, to determine the likelihood of seeing more short-finned pilot whales in the Gulf Stream, I constructed a habitat model and prediction surface. 
[bookmark: _Toc164931093]Methods
A habitat suitability model determines the fitness of a specific area as a habitat based on certain environmental factors. For my project, I was interested in the suitability of the area off Cape Hatteras for short-finned pilot whales. To build the model, I examined the effects of sea surface temperature (SST), bathymetry, and proximity to the continental shelf break on the habitat of short-finned pilot whales. 
[bookmark: _Toc164931094]Pilot Whale Data
The short-finned pilot whale data used in this project came in the form of recorded sightings from Andrew Read’s Lab. The sightings started in 2006 and extend to the present day, occurring mainly in the Cape Hatteras region with a few extending as far north as Norfolk Canyon. It includes all the sightings made by the Read lab during various expeditions. For the purpose of this project, I chose to use the data from 2020 - 2022 since it was the most recent data and included the highest number of consecutive sightings in the whole dataset. 

To strengthen the output of the habitat model, I created pseudo-absence points in ArcGIS Pro to provide the locations where the short-finned pilot whales were not sighted. 
[bookmark: _Toc164931095]Study Area
The Cape Hatteras region is an important foraging habitat for short-finned pilot whales with high levels of sightings along the continental shelf break (NOAA Fisheries, 2023). With the shelf break only 30 miles from the tip of Cape Hatteras, it is a perfect spot for collecting short-finned pilot whale data. Cape Hatteras is also the point at which the Gulf Stream begins to diverge from the continental shelf, and we see a steep temperature gradient as it mixes with the Labrador Current. 
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Description automatically generated]Figure 1: This figure shows the study area of my project in red with the short-finned pilot whale sightings represented as points and color-coded by year. 
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Sea surface temperature was used to identify the approximate location of the Gulf Stream. I used two different SST datasets in my analysis. The first SST dataset came from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard NASA's AQUA satellite. This instrument measures visible and infrared radiation to derive different environmental changes and patterns, like sea surface temperature. With a resolution of four kilometers and 36 spectral bands, the MODIS data provides us with highly accurate daily averages of the sea surface temperature throughout the year. The second SST dataset I used was the Hybrid Coordinate Ocean Model, also known as HYCOM. This is a predictive model that uses a mix of satellite data, remote sensing data, and in situ measurements to develop various environmental layers, like sea surface temperature, sea surface height, and salinity (McDonald). The model projects its findings at a nine-kilometer resolution, slightly lower resolution than the MODIS dataset. I hypothesize that the HYCOM data will have a higher correlation than the MODIS data, simply because it is a more robust dataset. 

To determine the approximate depth of the ocean floor where the short-finned pilot whales were located I used the bathymetry data from the General Bathymetric Charts of the Ocean (GEBCO). I then used a polygon of the continental shelf, constructed by P.T. Harris et al, to identify the shelf break. A preliminary buffer analysis in ArcGIS showed that most pilot whale sightings occurred at distances of less than 20 kilometers from the shelf break. 
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Figure 2: This map shows the short-finned pilot whale points by year and their proximity to the continental shelf. A majority of them fall within the 10 km buffer around the continental shelf which is consistent with the findings of Thorne et al. 2017.
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Figure 3: This image shows the short-finned pilot whale sightings on top of the bathymetry layer taken from GEBCO. The solid green line represents the continental shelf break, with most of the sightings found around it. 

[bookmark: _Toc164931097]Data Analysis
Once presence and absence data sets had been compiled, I sampled each point for each environmental factor. This provided observations of sea surface temperature, bathymetry, and distance from continental shelf at each point. The points were sampled twice for SST, once using the MODIS data and then using the HYCOM data. 

The next step was to run a generalized additive model (GAM) to determine the correlation of each environmental factor with the presence of short-finned pilot whales. Similar to a generalized linear model (GLM), a GAM is a statistical regression model that combines multiple predictors to determine an outcome. However, the GAM uses a nonlinear approach, implementing a smoothness factor to each predictor to provide a more accurate relationship between the predictors and the outcome. 

y= β0+⨏1(x1)+⨏2(x2)....⨏p(xp)+⋲

I chose this approach over a linear regression model because the predictive variables were dynamic, and I did not expect them to have a linear relationship with the occurrence of pilot whales. I ran the model with each environmental factor as the sole predictor for presence of short-finned pilot whales and then reran it with all predictors as factors of pilot whale presence. This process was repeated for both the MODIS and HYCOM datasets. 
[bookmark: _htr5pes3mdqc][bookmark: _Toc164931098]Results
The GAM outputs provided insight into which factors had the highest correlation with pilot whale sightings. When bathymetry was used as the sole predictor of pilot whale presence, I received an R-squared value of 0.848 suggesting a high correlation between the two variables. The R-squared value for the MODIS SST was only 0.289, suggesting a lower correlation between the variables. Distance to shelf break showed an above average correlation with an R-squared value of 0.646. In all three individual tests, the p-value was <2e-16, meaning that the likelihood of each factor occurring with independent variable was statistically significant. Finally, I ran the models using all three factors as predictors of pilot whale sightings. The R-squared value of the combined factors was 0.873 with the p-values remaining the same for bathymetry and SST. However, the p-value for distance to shelf break increased to 0.00405 suggesting that the statistical significance of this variable as a predictor decreases but is still statistically significant.   

I then reran the combined factors through the model again, this time replacing the MODIS SST data with the HYCOM data. The bathymetry factor maintained a p-value of <2e-16, while the SST p-value went up to 0.0342 and the distance from shelf break p-value went to 0.8804. This suggests that bathymetry remains the most significant predictor in this model. However, the R-squared value for the entire model increased to 0.937, suggesting a stronger correlation overall. A higher correlation with the HYCOM data was expected since the data does not contain gaps in daily coverage, like the MODIS data does. 
[bookmark: _Toc164931099]Discussion
The outputs of the model showed that bathymetry and sea surface temperature are both important predictors of the habitat of short-finned pilot whales, while proximity to the shelf break may not factor into the decision as significantly. The importance of sea surface temperature as a habitat predictor indicates that the presence Gulf Stream plays a large role in the habitat of short-finned pilot whales. An up-to-date, accurate habitat model can be quintessential to the conservation these whales especially as sea temperature continue rise. As this model incorporates sea surface temperature, it could be implemented to determine future habitats of short-finned pilot whales and their interactions with the pelagic longline fishery, caused by changes in location or intensity of the Gulf Stream. 

My findings of this project must be considered in the context of the opportunistic sighing data I used to construct my models. These data do not necessarily provide a complete picture of the distribution of pilot whales and are biased due to survey effort restricted to the Cape Hatteras region. Future research should incorporate satellite tagging data or systematic surveys of the whales to get a more accurate depiction of the population’s habitat. 

Many different factors contribute to the occurrence of an animal in an ecosystem. My study focused specifically on abiotic environmental factors as an influence on habitat suitability. However, biotic factors, such as predation and competition, can also play a large role in habitat selection. Short-finned pilot whales prey on large squid and are known for their high-speed chases to catch large prey items (Soto et al., 2008). Future inclusion of data on squid abundance would allow an examination of how prey availability influences the presence of pilot whales. The occurrence of squid along the Gulf Stream front could prove to be a more important factor in pilot whale presence than sea surface temperature but cannot be determined in my model alone. 
[bookmark: _Toc164931100]Management Implications
Short-finned pilot whales are protected under the Marine Mammal Protection Act, which prohibits any unauthorized “take” of the species. “Take” is defined as the harming, hunting, capturing, collecting, or killing of any marine mammals in U.S. waters (Marine Mammal Protection Act, 1972). The biggest threat of take to short-finned pilot whales is the Atlantic pelagic longline fishing industry. The whales get caught along the hooks after trying to depredate catch or bait resulting in injury and death (Stepanuk et al. 2018). Specific restrictions have been placed on the fishing industry to try and reduce the potential for bycatch of cetaceans by the MMPA. Knowledge of spatial patterns and habitats of the short-finned pilot whales can help inform stock assessment reports and restrictions to pelagic longline fishing policies to minimize the possibility of bycatch. 
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