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ABSTRACT 
 

SPATIAL ECOLOGY AND STABLE ISOTOPE COMPOSITION OF 

CETACEANS IN THE BOHOL SEA 

by: Edna Sabater 

Major Advisor: Spencer Fire, Ph.D. 

 

 

Studies on Philippine cetaceans (i.e., whales and dolphins) began in the early 

1980s, and have resulted in the location and identification of species in Philippine 

waters. However, the population estimates of most of the cetacean species are 

uncertain, which is important in evaluating whether the populations are stable, 

decreasing, or increasing in relation to potential threats and conservation measures.   

I conducted line-transect surveys between 2010 and 2019 in the Bohol Sea, 

Philippines. A total of 2009.5 km survey efforts were made, which covered an area 

of 8041 km2 throughout the 5-year survey period. Distance sampling methods 

estimated the total abundance for four delphinid species: Risso’s dolphin (Grampus 

griseus) = 525 individuals (95% Confidence Intervals (CI), 279–986), Fraser’s 

dolphin (Lagenodelphis hosei) = 2064 individuals (95% CI, 1224–3480), melon-

headed whale (Peponocephala electra) = 2288 individuals (95% CI, 1310–3994), 

and long-snouted spinner dolphin (Stenella longirostris) = 3260 individuals (95% 

CI, 1658–6409). A power analysis showed that multiple surveys per year are 

necessary for the next 5 decades to detect 3–20% rate of decline in the population. 
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The Bryde’s whale (Balaenoptera edeni) in the Bohol Sea had been the target of 

small-scale whale fishery and yet little is known about the population it belonged 

to. Unresolved taxonomy of this whale species makes it important to find other 

suitable and simple techniques to improve identification. I utilized light microscopy 

to examine the ultrastructure of the Bryde’s whales’ baleen bristles. Ninety-five 

percent of the bristle samples that were studied showed a prominent micro-pattern 

containing bright oval-shaped spots on the outer layer of the bristle.  This 

characteristic has not been reported previously for Bryde’s whales or other baleen 

whales. The data are preliminary yet this micro-pattern can be a feature useful to 

distinguish a possible subspecies of whale. Bristles were 278.1 ± 42.9 µm wide 

whereas diameter of the medullae were 77.7 ± 16.7 µm. 

  

Observations of marine mammals do not always represent foraging regions for 

these highly-mobile aquatic animals, hence, stable isotope analysis was applied to 

investigate the foraging habits of Bryde’s whales. Stable carbon and nitrogen ratios 

derived from 24 baleen plates of Bryde’s whales showed intra-individual variations 

whereas consistency was found in baleen plates known to come from the same 

whale individual. Mean baleen δ15N value was 9.05 ± 0.7 ‰ whereas δ13C value 

was -17.06 ± 0.6‰. Isotopic data also suggest that the Bohol Sea Bryde’s whales 

foraged in the same habitat or region for several months/years prior to capture. The 

oscillation of the δ13C values were not defined, therefore δ15N values were used in a 

Generalized Additive Model (GAM) to improve the accuracy of the estimates of 



 

 

v 

 

baleen growth rates. A mean (± SD) rates of baleen growth was 7.8±2.7 cm yr-1 

for Bryde’s whale, a first report for this whale species. The data presented here 

provide some critical data gaps facing policy, management, and conservation 

efforts for cetaceans in Philippine waters. 
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Chapter 1 

 

INTRODUCTION 
  

Cetacea is a taxonomic order of highly evolved and specialized aquatic mammals in 

which whales, dolphins, and porpoise are grouped together (hereafter referred to as 

‘cetaceans’). They are long-lived, have low fecundity, long gestation periods, high 

maternal investment, and bear precocial offspring. This reproductive strategy 

ensures that their progeny have a high probability of survival, especially given their 

high mobility and wide habitat range. Cetaceans are found in marine, freshwater, 

riverine and estuarine ecosystems. The range and distribution of cetaceans are 

influenced by biotic and abiotic factors such as temperature, salinity, predation, 

competition, prey availability, oceanographic conditions that can concentrate prey 

density, and human activities. Cetacean abundance varies across geographic 

regions, and thus serves as a quantitative measure of global biodiversity, whereas 

marine productivity is an indicator of their potential distribution. 

 

The status of cetacean populations is critical to discussing conservation and 

management strategies of threatened species. Population status is assessed based on 

the number of individuals occupying a region under threat (or a region at risk from 

or recovering from a threat), as well as how they are spatially and temporally 
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distributed. Accurate abundance and/or density estimates are fundamental for 

cetacean conservation and management, and therefore merit a research priority.  

Various approaches have been used to estimate cetacean populations, including 

ship surveys, submersible craft, aircraft, stationary platforms, and acoustics. As a 

result, biodiversity hotspots have been identified, priority conservation sites have 

been selected, and protections have been implemented to maintain viable marine 

mammal populations. Such hotspots serve as proxies of the natural environment, 

making predictive modeling possible in other yet similar regions. Abundance 

estimation allows monitoring of biological populations (especially for threatened 

species) to infer potential extinction risks. Mapping the spatial distribution of 

marine mammal species allows for estimates of geographical range, which in turn 

contributes to the development of conservation actions. Presenting the information 

as distribution maps provides the visual clarity that easily translates information to 

stakeholders and policy-making bodies, especially in developing countries like the 

Philippines where cetaceans remain poorly studied.  Here I provide a literature 

review of the current state of knowledge on cetacean research in the Philippines, as 

well as introduce several related studies that will help address critical data gaps 

facing policy, management, and conservation efforts for cetaceans in Philippine 

waters.  

The Philippines is an island archipelago in Southeast Asia that lies in the western 

Pacific Ocean. Its unique shape is characterized by inland waters, volcanoes, and 
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mountain ranges in the north and south (Fig.1). More than 7,000 islands provide 

over 36,000 km of coastline, some of which appear only at low spring tides. The 

North Equatorial Current (NEC) feeds the eastern seaboard of the archipelago then 

bifurcates, forming the tail of the Kuroshio Current moving north and the 

Mindanao Current in the south (Qu and Lukas 2003). This circulation enters the 

marginal basins (e.g., San Bernardino Strait, Bohol and Celebes Seas) and is 

dynamic interannually creating zones of high productivity and coastal upwelling 

(Gordon et al. 2011).  

Marine mammal investigations in the Philippines started in the 1980s and have 

confirmed a total of 27 cetacean and 1 sirenian species, including one subspecies 

(Alava et al. 2013; Lacsamana et al. 2015; Acebes et al. 2021). Whaling data have 

recorded the presence of balaenopterids (i.e., baleen whales that include the blue 

and humpback whales) within Philippine waters prior to the era of formal scientific 

research. The early documentation of the dugong (Dugong dugon) in the 1980s, a 

lone species of Sirenia that is found in the Philippines, set in motion three decades 

of cetacean and sirenian studies that to date form the bulk of knowledge of marine 

mammals in the region (Leatherwood et al. 1992; Alava et al. 1993; UNEP/CMS 

2015). Currently, research cruises and inter-island ferry vessels have become 

platforms to gather opportunistic information on species distributions and fishery 

interactions, but these have either not been used or have not been useful in 

determining cetacean population size estimates. Early research efforts to assess 
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population abundances were localized, largely dependent on the proximity of 

researchers to study sites, or dictated by the narrow habitat of the species. However, 

in 1994–1995, dedicated cetacean surveys were conducted in the eastern Sulu Sea 

and the Tañon Strait that provided estimates of abundance and density of eight (8) 

delphinid species (Dolar et al. 1997; Dolar et al. 2006). Later assessments focused 

on additional species, including a facultative freshwater species, the Irrawaddy 

dolphin (Orcaella brevirostris) in Malampaya Sound, Palawan (Smith et al. 2004) 

and in the Visayas (Dolar 2012; SU-IEMS 2014), a sympatric species of spinner 

dolphins in Balabac Strait (Dolar 2009), pelagic delphinids in the Bohol Marine 

Triangle area and in Ticao Pass, Masbate (Calumpong 2004; Sabater 2014), and 

humpback whales in the Babuyan Islands corridor and in northern Sierra Madre 

(Acebes et al. 2007). These humpback whales have been studied yearly since 1992 

using mark-recapture (i.e., fluke pattern photo-identification) and acoustic methods. 

This breeding population belongs to the wintering western North Pacific 

subpopulation, as evidenced from fluke matches (Silberg et al. 2013), song 

recognition (Acebes et al. 2007; Darling et al. 2019), and molecular genetic data 

(Baker et al. 1998). Despite these efforts, global updates of the IUCN Red List of 

Threatened Species shows that the majority of cetacean species found in the 

Philippines belong to the ‘Data Deficient’ category or DD (IUCN, 2018). This 

category indicates that the biology of the taxon is known or well-studied, “but 

appropriate data on abundance and/or distribution are lacking to make a direct or 

indirect assessment of its extinction risk” (IUCN, 2017). This unknown presents a 
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major obstacle to establishing the appropriate conservation status of these species 

because the fundamental data such as their population sizes in regional level are 

lacking, as revealed in the regional assessment published by Alava et al. (2013). 

Although DD is not a threat category, the classification acknowledges the 

possibility that further research on the taxon may show a threatened status (IUCN, 

2017). Furthermore, establishing the proper taxonomy of cetacean species is 

critical. This is the case for Bryde’s whale, (Balaenoptera edeni) which to date has 

an unresolved taxonomy (Cerchio et al. 2019). Bryde’s whale was the target whale 

species taken during the subsistence whaling that occurred in the Bohol Sea in the 

early 1980s (Dolar et al. 1994, Acebes 2009). However, in 1996, Perrin, Dolar, & 

Ortega conducted an osteological examination of the specimens kept in the marine 

mammal museum of Silliman University Institute of Environmental and Marine 

Sciences (SU-IEMS) in the Philippines and they suggested that a micro-allopatric 

form possibly occurs in the Bohol Sea, that is, two populations that overlap 

completely in their distribution but occupies different ecological niches. Partial 

cytochrome b analysis by LeDuc and Dizon (2002) also showed a small form of 

Bryde’s whale which eventually was recognized as a new species in 2006 based on 

the genetic studies conducted by Sasaki et al. (2006) and now known as Omura’s 

whale (Balaenoptera omurai). Re-examination of skeletal specimens from SU-

IEMS confirmed the existence of Indo-Pacific Bryde’s whale (Balaenoptera edeni) 

and the smaller form Omura’s whale (Balaenoptera omurai) (Yamada et al. 2008). 

These findings revealed the overlapping distribution of Bryde’s and Omura’s 
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whales in the Bohol Sea, yet it is unknown to what extent they overlap. 

Recognizing the need to fill research gaps on Philippine marine mammals, the goal 

of this research is to investigate the ecology of cetaceans in one of the major water 

bodies in the Philippines, the Bohol Sea. The specific aims of this study are to:  

(1) Estimate of the population size and characterize of the spatial distribution using 

the distance-sampling technique,  

(2) Examine of the micro-patterns of the baleen bristle from the Bryde’s whale 

(Balaenoptera edeni) using the scanning electron microscope as a viable tool to 

distinguish whale species, and  

(3) Investigate the foraging habits of the Bryde’s whale (Balaenoptera edeni) using 

baleen plate stable isotopes.  
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Figure 1. Map of the Philippines. Gridded data obtained from General Bathymetric 

Chart of the Oceans (GEBCO). 

 

 

 

Aim 1 - Population Size and Spatial Distribution 

 

Human impacts on natural marine resources like marine mammals have historically 

been negative and severe, and fisheries interactions (both direct and indirect) in 

particular have had dramatic impact on marine mammals globally. An example is 
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the vaquita (Phocoena sinus) that is endemic to the northern Gulf of California, 

Mexico. Incidental mortality from gillnets (Rojas-Bracho and Reeves 2013; 

D’Agarosa et al. 1995) caused a 57% plummet in population within 11 years 

(Gerrodette et al. 2011), with the current population estimated at fewer than 30. In 

the case of large baleen whales, historical hunting reduced the population of the 

Atlantic right whale (Eubalaena glacialis) to fewer than 500 individuals according 

to Pace et al. (2017).  Present-day marine mammal populations have constantly 

struggled to rebound despite legal protections because of other human-induced 

stressors. In the Philippines, bycatch, pollution, shrinking of habitat due to coastal 

development, and unregulated/unreported utilization are just some of the threats 

that affect marine mammal populations. National and local legislation (including 

resource management arrangements) exists to address the protection of the 

Philippine marine mammals (UNEP/CMS Secretariat 2015). However, one aspect 

still lacking in this legislation is the absence of a monitoring scheme to determine 

population status (e.g., whether the population is increasing, decreasing, or stable).  

It is therefore critical that studies on the spatial distribution and population sizes of 

Philippine cetaceans be carried out to effectively develop any successful strategic 

conservation plan. 

 This study will address the lack of data on abundance and distribution for 

cetaceans by carrying out marine vessel-based surveys in the Bohol Sea using a 

reliable, widely used method known as Distance sampling technique. This method 
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will be discussed in Chapter 2. While it is anticipated to encounter multiple 

cetacean species during these surveys, four cetacean species (hereafter referred to 

as “research species”) will be prioritized, namely: the long-snouted spinner dolphin 

(Stenella longirostris), Fraser’s dolphin (Lagenodelphis hosei), Rissos’s dolphin 

(Grampus griseus), and the melon-headed whale (Peponocephala electra).  These 

species were selected based on several priority factors: (1) they are most frequently 

sighted in the Bohol Sea based on preliminary studies conducted by this author, 

thus, there may be a sufficient sample size to estimate population size; (2) they are 

often encountered during whale and dolphin tours and can therefore be used as 

baseline information to assess potential threats created by boat interactions, and (3) 

they retain unique and identifiable marks on their dorsal fin which can be used to 

identify individual animals and complement spatial distribution studies. 

Biophysical studies on these cetacean species and their habitat will fulfill the goals 

of the Coral Triangle Initiative-National Plan of Action (CTI-NPoA) under Agenda 

#5, Action 5, which is to “improve the status of threatened marine species”. One of 

the agenda’s objective was to "refine Philippine marine key biodiversity areas for 

cetaceans" (http://www.coraltriangleinitiative.org/library/national-plan-action-

philippines). The study site, the Bohol Sea, is part of the main biodiversity areas in 

the Philippines (Ambal et al. 2012), having at least 300 marine protected areas 

established in the coastal areas and islands of the Bohol Sea (Alcala et al. 2008). In 

2019, the Bohol Sea was designated as an Important Marine Mammal Areas 
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(IMMA) by the by the Marine Mammal Protected Areas Task Force 

(https://www.marinemammalhabitat.org/immas/) based on three criteria: species or 

population vulnerability, unique aggregations, and species diversity. According to 

the task force, IMMAs are defined as “discrete portions of habitat, important to 

marine mammal species, that have the potential to be delineated and managed for 

conservation”. Marine tourism, including dolphin watching tours, scuba diving, 

snorkeling, and island-hopping activities abound in this popular tropical 

destination. Consequently, the study region experiences heavy human use, high 

boat traffic, and associated coastal development. It was suggested by Green et al. 

(2004) that development is well-linked to the marine fisheries ecosystems because 

of the communities’ economic dependence on “fishing and marine-related 

industries”. For these reasons, the survey area for this study concentrates on the 

nearshore, coastal region of the Bohol Sea to establish robust baseline data for 

future assessments of the effectiveness of conservation management strategies or 

potential risks. 

Aim 2 - Micro-patterns of baleen bristles of Bryde’s whale using scanning 

electron microscopy (SEM)  

 

Available methods to resolve taxonomic confusion have evolved significantly (e.g., 

molecular techniques), however the use of  microscopy on baleen as a promising 

diagnostic tool has not been explored extensively. This research study uses 

Scanning Electron Microscope (SEM) methods to examine baleen bristles to test 

the central hypothesis that baleen surface micro-patterns are characteristic of the 

https://www.marinemammalhabitat.org/immas/
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species. Chapter 3 addresses the following questions: (1) What are the micro-

patterns observed in the baleen bristles of Bryde’s whales? (2) Are these micro-

patterns distinct and unique to the species? (3) What is the reliability of these 

micro-patterns as taxonomic characteristics, and can they be used to confidently 

identify the species of the source animal? 

The nomenclature of Bryde’s whale remains unclear but for the purpose of clarity, 

Balaenoptera edeni will be used in this study based on the Society of Marine 

Mammalogy Committee on Taxonomy (2018). Re-examination of skeletal 

specimens from the artisanal whale fishery has confirmed that both Indo-Pacific 

Bryde’s whale (Balaenoptera edeni) and the Omura’s whale (Balaenoptera 

omurai) were taken during the whaling period (Yamada et al. 2008).  

Historical whaling in the Bohol Sea targeted whales locally known as bongkaras or 

the Bryde’s whales (likely to be Balaenoptera edeni and Balaenoptera omurai). 

The subsistence whale fishery started in Lila, Bohol and later was adopted in the 

nearby island of Pamilacan (Fig. 2) where fishers hunted them from the early 1980s 

to late 1990s using gaff hooks resembling those of American whalers (Dolar et al. 

1994; Acebes 2009). Catch statistics documented that local whalers used to land an 

average of 12 whales per year between 1985 and 1993, during their peak hunting 

season, between April and May (Dolar et al. 1994). Subsequent visual surveys 

within the hunting ground showed significantly low sighting rate and fueled the 
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speculation that the direct takes may have extirpated a population of Bryde’s whale 

in the Philippines (Dolar et al. 2006).  

Curtailment of the whale fishery through a no-take regulation took effect in 1997, 

upon an amendment of the Fisheries Administrative Order (FAO) No. 185 s.1992 

into FAO 185-1 that included all cetaceans (www.bfar.da.gov.ph). The whale 

fishery ban introduced a non-consumptive use of these resources in the form of 

ecotourism. Guided whale and dolphin tours generate revenue in this region and 

has become one of the tourism flagships of the local government. 

 

Figure 2. Map of the proposed study area, the Bohol Sea. Red arrows = historical      

whale fishery sites. 
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In this study, 21 baleen plate specimens from the museum of the Silliman 

University – Institute of Environmental and Marine Sciences (SU-IEMS) in 

Dumaguete City, Philippines were available for examination using the scanning 

electron microscope (SEM). These plates are the main filter-feeding apparatus of 

balaenopterids, a keratinous material, and attached in the upper jaw of the buccal 

cavity. Baleen plates were collected opportunistically from whale fishery sites. 

SEM is an imaging instrument that uses a focused beam of electrons rather than a 

beam of light to interact with the sample, creating extremely high-resolution 

imagery of the surface of the sample (Rittner and Bailey 2005). The imaging 

technique has wide application in semiconductor industry, forensic investigations, 

and geological and biological studies. It is suitable for samples that have been 

stored in museums for a long time and without preservation care to examine  

topography, morphology, and composition of the sample material on a micro-scale. 

The technique is simple, non-destructive, and has been used widely in 

archaeological specimens and other paleoanthropology studies (Olsen 1988; 

Schatten 2012).  SEM analytical techniques were utilized by Pfeiffer (1992) on 

baleen bristles from three extant mysticete species. He observed a parallel 

alignment of rod-like micro-ridges with cell boundaries forming a diamond shape 

in humpback whales. Sei whales showed slight overlapping of the epithelial cells or 

cuticle with “regularly spaced circumference ridges”, whereas gray whales 

exhibited a non-overlapping, elongate arrangement of the cuticle. The observations 

on humpback and gray whales were found to be in agreement with the findings by 
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Young (2012). Her study looked at 10 species of baleen whales where she reported 

sei whales having a triangular-shaped cuticle, yet did not observe the type of ridges 

from Pfeiffer (1992). Szewciw et al. (2010) applied von Kossa staining on baleen 

bristles and the cross-sections of the bristle samples revealed distinct patterns in the 

rings of calcium salts. The rings varied in concentration and thickness, clearly 

evidence of species differentiation. In most of the studies conducted, there was no 

information on the sexual maturity of the rorquals. Chapter 3 describes the 

ultrastructure of the baleen bristles and compares that information with present 

knowledge of micro-patterns observed from other whale species.  

Aim 3 - Profiles of δ13C and δ15N in the baleen plates of Bryde’s whale using 

stable isotope analysis (SIA) 

 

Another significant data gap for the Bohol Sea is knowledge of where, how, and on 

which prey Philippine cetaceans forage, except for Gray’s spinner dolphin (Stenella 

longirostris), Fraser’s dolphin (Lagenodelphis hosei), and Irrawaddy dolphin 

(Orcaella brevirostris) (Dolar et al. 2003; Divinagracia et al. 2015), all of which 

have been salvaged from bycatch and stranding-event data. Observations of natural 

feeding events is difficult to document for free-ranging cetaceans in this region 

because of their highly mobile nature, the wide extent of habitat that they utilize, 

and the remote locations of their feeding grounds. Conventional prey identification 

and feeding habits of cetaceans have relied on stomach content analysis of stranded 

individuals, or from fisheries bycatch. Although useful, these data are inherently 

biased because stomach content analysis only provides a snapshot of what the 
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animal ingested, just a few hours before it died (or before the gut was collected). In 

addition, gut content is primarily based on hard parts, such as fish sagittal otoliths 

and squid beaks, or the presence of semi-digested prey. Stomach acids affect the 

quality of these materials in the form of eroded grooves or complete dissolution 

resulting in inaccurate identification. Perrin et al. (1973) suggested caution when 

interpreting feeding habits using stomach content, because of the effect of 

secondary fish origin. For example, stomach content analysis of bottlenose 

dolphins (Tursiops truncatus) feeding on sheepshead (Archosargus 

probatocephalus) that were in turn observed feeding on smaller fishes just before 

being consumed by the dolphins detected otoliths from both sheepshead and the 

smaller fishes. Therefore, foraging can be misinterpreted using stomach-content 

data.  

Stable isotope analysis (SIA) is an effective alternative to the conventional method 

of investigating foraging ecology of cetaceans. SIA is a method that uses naturally 

occurring chemical tracers that can be extracted from biological samples of live or 

dead animals. An isotope is a form of a chemical element, for example Carbon or 

Nitrogen, with a different number of neutrons, but equal number of electrons and 

protons. Stable isotope properties are identical except that the extra neutron in the 

nucleus makes it heavier than the natural form, thus its atomic mass differs and this 

difference affects how the molecules are metabolized. The difference in the ratio of 

the atomic mass and vibrational energies influence the reaction rates during isotope 
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fractionation. Isotopic fractionation is defined as the relative partitioning of the 

heavier and lighter isotopes during naturally occurring processes such as 

photosynthesis, respiration, evaporation, and crystallization (Kendall and Caldwell 

1998; Tiwari et al. 2015). Generally, organisms preferentially use the lighter 

isotope because it needs less energy to break down the chemical bonds compared to 

the heavier isotopes. The isotopic composition is expressed as the abundance ratio 

of the heavy to light isotope. This ratio is compared to a standard reference material 

and the natural isotope abundance of the sample is expressed in delta (δ) (‰) units.  

  𝛿ℎ𝑋 = 1000 𝑥 (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1), 

where hX is the isotopic element such as 13C and 15N and Rsample is the ratio 

between the heavy and the light isotope (e.g., 13C/12C). The standard references for 

carbon and nitrogen are the Vienna-Pee Dee Belemnite (V-PDB) and atmospheric 

N2, respectively.  

Carbon and nitrogen are often used in the isotope analysis of biological tissues. 

Nitrogen composition is used as an indicator of trophic level, where an increase in a 

predator’s trophic level is reflected as higher δ15N values (Fry 2006). Similarly, 

δ13C measurement is an indicator of its foraging habitat, e.g., benthic vs. pelagic or 

coastal vs. offshore feeding preference zones (Das et al. 2000; Gendron et al. 2001; 

Fernández et al. 2011; Bisi et al. 2013). Other isotopic elements such as strontium 
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and oxygen are useful for investigating natal (origin) streams of salmon (e.g., 

Brennan et al. 2015) or recording paleo-climate in the reef environment (Aharon 

1991), but can be adapted for marine mammals in order to trace dispersal of 

migratory cetaceans across oceans or foraging zones.  These predictors may change 

relative to the life stages of the animal, e.g., immature individuals may utilize the 

neritic zone before venturing into the open-ocean as they mature. Feeding in 

shallow waters is assumed to result in high δ13C values because of the high 

productivity common in neritic habitats relative to oceanic habitats.  The unique 

isotopic signatures of carbon and nitrogen will reveal whenever an animal switches 

between primary-prey functional groups during growth (e.g. epipelagic to 

mesopelagic), including any diet specialization. This information is useful to 

identify micro-habitats or important foraging aggregations (Witteveen et al. 2009). 

These chemical tracers are bioavailable elements that can be extracted from 

cetacean skin, bone collagen, teeth, vibrissae, or baleen plates to reveal useful life- 

history data such as feeding grounds, trophic dynamics, movement or dispersal, 

segregation, population differentiation and paleo-diet reconstruction (Walker et al. 

1999; Phillips and Eldridge 2006; Witteveen et al. 2009; Barros et al. 2010; 

Newsome et al. 2010; Kiszka et al. 2011; Wilson et al. 2012; Rossman et al. 2013).   

Chapter 4 provides details on the third objective of this research, which is to 

examine the carbon and nitrogen isotope composition along the baleen plate of 

Bryde’s whale (Balaenoptera edeni) to infer foraging habits. Isotopic 
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concentrations within a certain period are assumed to be embedded along the length 

of the baleen plate because baleen plates grow continuously. Therefore, spatio-

temporal changes in the diet of the Bryde’s whale can be detected using stable 

isotopes. The patterns of carbon and nitrogen isotopes in the baleen plates were 

used to determine growth rate of the baleen, which is presently unknown for 

Bryde’s whales.  
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Chapter 2 

SPATIAL DISTRIBUTION AND ABUNDANCE OF 

COMMON CETACEANS IN THE BOHOL SEA 
 

 

Most cetaceans inhabit marine waters, with a few exceptions that inhabit 

freshwater, riverine, or estuarine environments. Their spatial and temporal 

distribution is dictated by a combination of habitat, behavior, prey distribution, 

demographics, and evolutionary traits (Wells et al. 1987; Forcada and Hammond 

1998; Defran and Weller 1999; Craig and Herman 2000; Baumgartner et al. 2001; 

Hung and Jefferson 2004; Gannier and Petiau 2006; Minton et al. 2011; Forney et 

al. 2012; LeDuc 2018). Knowing where cetacean populations are found is needed 

to understand how populations respond to ecological and environmental variability. 

Similarly, estimating population size is necessary to understand biological 

dynamics and potential risks from anthropogenic threats (Stensland et al. 2006; 

Rojas-Bracho and Reeves 2013; de Vos et al. 2016; Lacy et al. 2017). Long-term 

monitoring of how many individuals occupy a study area determines if the 

population is increasing, decreasing, or is stable. In archipelagic countries like the 

Philippines, the strong human dependence on the aquatic environment (i.e., 

fisheries, maritime navigation, and recreational purposes) is expected to produce 

significant overlap of human activities with critical marine wildlife habitats, 

especially those used by marine mammals (Davidson et al. 2012). The Philippines 

(N14.50, E121.00) is divided into three main island groups called Luzon, Visayas, 
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and Mindanao (Fig. 3) together often referred to locally as LuzViMinda. According 

to Dolar (1999), cetaceans appear to be distributed throughout the waters of 

LuzViMinda. The proposed study site, the Bohol Sea (or Mindanao Sea in some 

literature), is located in the central Visayan region approximately 630 km from 

Manila, the capital city (Fig. 4). This marginal sea has an approximate area of 

29,000 km2 connected to the Pacific Ocean on the east and flows out to the Sulu 

Sea on the west. A strong surface current known as the Bohol Jet flows along the 

northern Bohol Sea in a westward direction from the Pacific Ocean (Cabrera et al. 

2011; Gordon et al. 2011) was found to be associated with pockets of upwelling 

within the Bohol Sea, which concentrates marine productivity (Villanoy et al. 

2011). Several small islands are located within the Bohol Sea with bathymetry 

dropping very close to shore (Wyrtki 1961). This bathymetric feature has been 

found to be the preferred habitat of Risso’s dolphins (Grampus griseus) in other 

marine areas (Baumgartner 1997; Davis et al. 1998). The Bohol Sea (N9.30, 

E124.45) is affected by two seasonal monsoons throughout the year — the 

northeast monsoon or amihan, experienced in November to March, characterized 

by cold winds blowing from Siberia and low precipitation, whereas the southwest 

monsoon or habagat, develops in June to October, bringing heavy rainfall and even 

typhoons (PAGASA). These prevailing winds affect the dry and wet seasons and 

thus limit the timing of cetacean boat-based surveys because of sea conditions. 
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Figure 3. Geographic location of the Philippines showing the three major island 

groupings. Solid line = Luzon; Dashed = Visayas; Dotted = Mindanao. 
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Figure 4. Location of Bohol Sea study site in the red box 

 

Population Size  

 

Although research efforts have significantly increased since the 1980s, only several 

areas have yielded sufficient (1) population size estimates — the Sulu Sea and 

Tañon Strait (Dolar et al. 2006), Babuyan group of islands (Acebes et al. 2007), 

Malampaya Sound Palawan (Smith et al. 2004), Guimaras and Iloilo Straits (Dolar 

2012; SU-IEMS 2014), and the Balabac Strait (Dolar 2009); (2) fishery bycatch 

(Dolar 1994); (3) direct catches (Dolar et al. 1994); and (4) seasonal distribution 

based on ecotourism activities (Abrenica and Calumpong 2002). 

Many methods of calculating abundance and mapping animal spatial distributions 

have been tested on different taxa. Direct counts, acoustics, use of natural 
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markings, modeling, and genetics have contributed to robust population estimations 

(Dawson et al. 2008). The comparison of methods in Table 1 has established the 

line-transect method using Distance sampling techniques as reliable, accurate, and 

cost-efficient. In free-ranging cetaceans, direct counts are not feasible because they 

are fast-moving and have a wide extent of habitat. The broad applications of 

Distance sampling to estimate wildlife populations is a more useful alternative and 

was used in this study. Distance sampling uses line transects or point transects to 

detect animals within the survey area. As the name suggests, the method measures 

perpendicular distances (x) between the line (or point) travelled by the observer and 

the location of the animal detected (Fig. 5).  

 

 

Figure 5.Measurements taken in Distance sampling 
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Table 1. Comparison of methods used to estimate cetacean abundance summarized 

from Cassey et al. 1999; Buckland et al. 2001; Alter et al. 2007; Mellinger 

et al. 2007; Dawson et al. 2008; Constantine et al. 2012; Marques et al. 2013; 

Daura-Jorge et al. 2016; Hodgson et al. 2017. 
 

Method Advantage Disadvantage 

Acoustics 

Collects data even when boat surveys 

are not possible due to unfavorable 

weather. 

Low or no need for marine mammal 

observers. 

Independent of daylight. 

Background sound for different 

species and anthropogenic sounds 

must be established to accurately 

identify species. 

Expensive equipment. 

Animals must produce sound or noise. 

Analysis is time-consuming. 

Aerial 

Larger sampling region can be covered. 

Non-responsive movement of animals 

surveyed. 

Expensive to operate. 

Requires training of marine mammal 

observers. 

Low replicability in developing 

countries due to high operating cost. 

Decreased detectability of animals in 

murky or low visibility waters. 

High risk for the aircraft to stall due to 

low flying altitude. 

Observer bias because of fatigue from 

non-resting observers. 

Genetics 

Samples can be obtained from archives 

or simultaneous boat surveys. 

Can reconstruct past population sizes. 

Low resolution if few loci used 

Prone to contamination during 

laboratory analysis. 

Requires large sample size 

Line transect 

Abundance estimates of multiple 

species can be calculated in a single 

sampling event or season 

Larger geographic region can be 

covered or surveyed 

Large scale ship-based or small-vessel 

can be used in surveys. 

Cost-effective and practical to operate. 

Population size and density of sub-

areas can be calculated. 

Reproductive rates cannot be 

established 

Need to train marine mammal 

observers 

Accurate abundance estimation 

requires sufficient number of sightings 

 

Weather and daylight dependent 

Mark 

recapture 

Smaller boat (5-10m) is sufficient 

Raised sighting platform is not 

required 

Social structure, site fidelity, 

reproductive rates of the population 

can be studied 

Replicability is high 

Dependent of marked dorsal 

fins/individuals 

Small geographical area can be 

covered 

Multiple sampling needed to attain 

plateau in the discovery curve 

Expensive survey cost including 

photographic equipment 

Long hours to sort and categorize 

images 
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Spatial Distribution 

 

Cetaceans found in the Bohol Sea are considered pelagic, but owing to the 

characteristic of this marginal body of water, they are  vulnerable to the effects of 

coastal development, high fishing demand with the likelihood of incidental captures 

or bycatch, and varied forms of pollution (i.e., chemical, noise, and biological) as 

are other coastal cetacean populations. These conditions further demand reliable 

cetacean population estimates coupled with strong statistical power to detect 

changes in a short period of time (Taylor et al. 2007). The species composition, 

spatial distribution, and population size estimates are assumed to vary throughout 

the study site but whether or not they will be influenced by common predictor 

variables such as chlorophyll-a, sea surface temperature (SST), salinity, and 

bathymetry has not been investigated. Chlorophyll a  coupled with sea surface 

temperature (SST) are often used as parameters to investigate their influence on 

fishery productivity (e.g., sardine and anchovy fisheries) (Villanoy et al. 2011), 

which is also indirectly associated to prey availability for cetaceans.  In 

combination, these variables are used to predict habitat suitability (Forney et al. 

2012), delineate geographical boundaries intended to establish marine protected 

areas (La Manna et al. 2016), and determine the spatial distribution of cetaceans 

(Smith et al. 1986). A study conducted by Pierce et al. (2010) concluded that the 

presence of bottlenose dolphins (Tursiops truncatus) in the Galician coast of Spain 

was positively correlated with maximum chlorophyll a  values. These results were 

reinforced by the findings in the Ningaloo Reef, Western Australia in which the 
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relative abundance of dolphins was high in moderate  chlorophyll a concentrations 

(Sleeman et al. 2007). It was also observed that Fraser’s dolphins (Lagenodelphis 

hosei) and Risso’s dolphins (Grampus griseus) have high encounter rates in 

relation to bathymetry, whereas spinner dolphins (Stenella longirostris) were not 

influenced by any of the other variables tested, including sea state and survey areas 

(Dolar et al. 2006).  

 

Aims of the study 

 

The Bohol Sea supports 70% of whale and dolphin species found in the Philippine 

waters (Table 2). However, this area has not been surveyed extensively for 

cetaceans due to costly boat expenses, intensive logistical requirements, and 

permitting restrictions. These limitations have hindered a thorough assessment of 

the species’ composition, abundance, distribution, and potential threats. There are 

frequent whale and dolphin tours within the study site, but it is not known whether 

such activities negatively affect the cetacean populations, due to a lack of reliable 

baseline data. Such baseline data would be equally beneficial to other 

municipalities or towns that plan to start up similar ecotours. This study aims to 

address this critical data gap on the spatial distribution and population size 

estimates of the common species encountered in the Bohol Sea, test how they are 

affected by the predictor variables, and examine whether there are seasonal 

differences in abundances. Results from this study would be of great use as 
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baseline data for existing ecotourism, planned ecotourism, and more importantly 

for developing conservation plans for Bohol Sea cetaceans. 

 

METHODS 
 

 

The principles of Distance sampling methods using line transects developed by 

Buckland et al. (2001; 2004) guided the design and data collection procedures in 

this study. There were also modifications adapted from Dolar et al. (2006) to 

accommodate logistical limitations, such as the use of a small research vessel, a 

low sighting platform, and safe docking areas at the end of each day’s survey, 

which influences the placement of the transect lines. 

 

Assumptions of Distance sampling 

 

The method relies on visual sighting surveys by observers onboard a water vessel 

or aircraft, and uses three fundamental assumptions: (1) All animals on or very 

close to the transect line are certain to be detected, therefore the detection function, 

g(x), along the transect lines is equal to one (g(0) = 1). It follows that animals have 

a higher probability of detection when closer to the line, and fewer animals are 

detected farther from the line. (2) Animals are detected before they respond to the 

presence of the observer (i.e., flushing effect), and nonresponsive movement is 

slow relative to the speed of the observer. (3) Sighting distance and angle are 
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measured accurately at the animal’s initial location (Buckland et al. 2001). The 

second and third assumptions are related, as evasive responses of the animals (e.g., 

diving; abrupt change in swimming direction) due to observer’s action (i.e., 

flushing the animals) before the sighting distance and angle are measured will 

result in the violation of the 3rd assumption. Consequently, density estimation of the 

animal will likely be positively biased. In summary, the central point of Distance 

sampling is to determine the g(x) equation that best suits the data collected and 

fitting the data to the best model using maximum likelihood and the lowest 

Akaike’s Information Criteria (AIC) value. 

 

Survey Vessel 

 

Distance sampling is a systematic boat-based survey traversing the study region 

onboard a rented dive boat or fishing boat. The research vessel was approximately 

20 m long, powered by a V8 engine, had a maximum capacity of 25 passengers, 

and was fitted with an observation platform 3 m – 6 m above water level for 

optimum stability (i.e., reduced pitching). The height of the platform gave an 

unobstructed view of the survey area from all sides of the vessel. The platform  

increased sightability before the observer was too close to the animal or clusters of 

animals because the height separated the animals from the waterline and wave 

height (Dawson et al. 2008) therefore, fulfilling the second assumption of the 

Distance sampling.  
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Table 2.  List of Marine Mammals found in the Philippines.  

    # = found in the Bohol Sea. 

 

No. Taxon Common Name 
Global 

Status 

PHL 

Status 

Order Cetartiodactyla (Whales, Dolphins and Porpoises) 

Sub Order MYSTICETI   Baleen Whales 

Family Balaenopteridae 

1 Balaenoptera edeni# Bryde’s whale DD DD 

2 

Balaenoptera 

musculus# Blue whale EN EN 

3 Balaenoptera omurai# Omura’s whale DD DD 

4 

Megaptera 

novaeangliae Humpback whale LC VU 

Sub Order ODONTOCETI  Toothed Whales 

Family Delphinidae  

5 Feresa attenuata# Pygmy killer whale DD DD 

6 

Globicephala 

macrorhynchus# 

Short-finned pilot 

whale DD DD 

7 Grampus griseus# Risso’s dolphin LC DD 

8 Lagenodelphis hosei# Fraser’s dolphin LC VU 

9 Orcaella brevirostris Irrawaddy dolphin CR, VU VU 

10 Orcinus orca# Killer whale DD DD 

11 

Peponocephala 

electra# Melon-headed whale LC DD 

12 

Pseudorca 

crassidens# False killer whale DD DD 

13 Stenella attenuata# 

Pantropical spotted 

dolphin LC DD 

14 Stenella coeruleoalba Striped dolphin LC DD 

15 Stenella longirostris# Spinner dolphin DD VU 

16 

Stenella longirostris 

roseiventris# 

Dwarf spinner 

dolphin DD DD 

17 Steno bredanensis 

Rough-toothed 

dolphin LC DD 

18 Tursiops aduncus# 

Indo-pacific 

bottlenose dolphin DD DD 

19 Tursiops truncatus# 

Common bottlenose 

dolphin DD DD 

Family Kogiidae 

20 Kogia breviceps Pygmy sperm whale DD DD 

21 Kogia sima# Dwarf sperm whale DD DD 
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Table 2. continued. List of Marine Mammals found in the Philippines.  

              # = found in the Bohol Sea. 

 

No. Taxon Common Name 
Global 

Status 

PHL 

Status 

Family Ziphiidae - Beaked Whales 

22 Indopacetus pacificus 

Longman’s beaked 

whale DD DD 

23 

Mesoplodon 

densirostris# 

Blainville’s beaked 

whale DD DD 

24 Mesoplodon gingkodens 

Gingko’s beaked 

whale  NA 

25 Mesoplodon hotaula 

Deraniyagala’s 

beaked whale DD NA 

26 Ziphius cavirostris 

Cuvier’s beaked 

whale LC DD 

Family Physeteridae  

27 

Physeter 

macrocephalus# Sperm whale VU VU 

Order Sirenia (Manatees and Dugongs) 

Family Dugongidae 

28 Dugong dugon Dugong VU CR 

Abbreviated status based on IUCN EN = Endangered; VU = Vulnerable; CR = 

Critically Endangered; NT = Near Threatened; DD = Data Deficient; LC = Lower 

Risk Conservation Dependent; NA = Not Assessed 

 

 

Survey Design 

 

Figure 6 is a close-up image of the area within the red box shown in Figure 4. 

Randomly placed transect lines that had lengths up to 25 km (Fig. 6) and were 

impartial to the depth gradient of the study area were followed. These lines 

represent the variable k in Figure 8.  Another consideration in the placement of 

transect lines are the municipal water boundaries, obtained from the National 

Mapping and Resource Information Authority (NAMRIA) in the Philippines, 

represented by the yellow lines in Figure 6. Research permits were secured from 
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each municipal or town or city. A zigzag survey design was utilized for cost-

effectiveness, high precision, and coverage of the study region (Thomas et al. 2010; 

Buckland et al. 2015).  

 

Figure 6. Design of the zigzag transect lines (red) in the Bohol Sea. Yellow 

boundaries represent municipal water boundaries (NAMRIA, 2017). 

 

 

 

 

Data collection and recording 

 

Onboard surveys commenced each day at 0600 h and ended at1700 h, or until 

daylight and weather permitted. At least six (6) observers constituted the survey 

team and the composition remained the same between survey seasons to reduce 

observer biases. Observers took turns every hour at different positions on the 
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observation deck or platform to actively search for cetaceans (Fig. 7). Each 

observer was equipped with Bushnell 7 x 50 marine binoculars with a built-in 

compass to help find the cetaceans. To increase detection of cetaceans, surveys 

were conducted in October (2010 and 2011), November (2010), April-May 2011, 

March-April 2012, May 2014, and April-June 2019. These months typically 

coincided with calm weather and low precipitation, because rough weather 

conditions adversely affected the effectiveness of the observers to search. It is for 

this reason that on-effort searches were limited to sea states between 0–3 using the 

Beaufort Scale as reference (Duxbury and Duxbury 1996), since the probability of 

animal detection decreased as the sea state deteriorated. On-effort means that the 

observers were actively searching for cetaceans while the boat traversed the 

transect line. Each time a whale or dolphin, or a pod, was detected by the observers, 

the event was considered a sighting. All sightings during this time were considered 

on-effort sightings and the distance covered while on-effort was the on-effort 

distance. The geographic position (Lat/Lon hddd.dddd, map datum WGS84) was 

recorded using a Garmin GPSMap 72 receiver and logged in the data sheet 

routinely. The observer who called the sighting (spotted the animal or animals) 

provided the angle of sighting seen from the binoculars’ built-in compass to the 

data recorder (refer to Figure 7).  

Detection distance (r) from the boat (Fig.7) was estimated by eye by the best 

estimator of the group, based on distance estimation training exercises done before 
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the survey. The boat then approached the animal or group of animals and again the 

geographic location was recorded. At this point, search effort was considered off-

effort because observers were temporarily suspended from searching for the 

animals along the prescribed transect line, so that data could be recorded for the 

current animal or group. The animal or group of animals were followed until the 

following data were collected: (1) correct species identification, (2) estimation of 

cluster/group size per species in the case of mixed species sighting, (3) photographs 

taken of animals sighted, and (4) documentation of behavior using a GoPro Hero4 

video recorder. Photographs were taken using a Canon 40D SLR camera with a 

Canon 400mm f/5.6L USM lens. The photos that were taken aid in correct species 

identification and thus it was important to capture sharp images of the animals, 

especially since photos of animals with marked dorsal fins can be used for photo-

identification of known individuals). Behaviors were categorized as resting, 

socializing, feeding, or traveling as described by Karczmarski et al. (2000). 

Taxonomic identification follows Leatherwood et al. (1988) and Jefferson et al. 

(2007).  

Bathymetric data were extracted from the General Bathymetric Chart of the Oceans 

(GEBCO) One Minute Grid published by British Oceanographic Data Centre using 

mapping software (www.gebco.net). A Garmin chart plotter with 2-10 m transducer 

measured the nearshore ocean depths to improve the resolution of the GEBCO data. 
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Figure 7. Marine mammal observer positions during active search. Upper right 

corner shows the built-in compass of the binoculars. 

 

 

Data Analysis- Population Size 

 

A complete census of animals (where all individuals were counted), generated the 

actual population size or abundances (N), which was directly proportional to the 

density (D, unit per area) and area (A), therefore,  

N = A x D   (Eqn. 1), 

 

Figure 8 illustrates the key concepts of Distance sampling using line transects. 

Transect line kn with length ℓn was randomly placed in the study region. The total 
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line length (L) becomes the summation of kn x ℓn. Line transects are a modified 

form of a strip transect, thus the area (a) of the sampled region is computed as:  

a = 2wL   (Eqn. 2), 

where w is the half-width and L is the total line length. The constant value “2” 

denotes two half widths of the transect since the left and right portions are sampled 

as the survey boat moves along the midpoint of the transect lines. 

 
Figure 8. Surveyed region showing detected individuals along the transect lines (k1  

to k3) and those that are missed or undetected within the study region (A) 

 

 

The number of observations or sightings recorded within the surveyed region is 

denoted as n, thus, estimated density (�̂�) can be calculated as (Buckland et al. 

2001): 

�̂� = 
𝑛

2𝑤𝐿𝑃𝑎
    Eqn. 3, 
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where Pa is the proportion of detected to undetected animals within the surveyed 

region of area a. It is also represented as the ratio between the areas under the curve 

and under the rectangle (Fig. 9).  

 

Substituting to Eqn. 1 gives estimated abundance (�̂�) as: 

�̂� = A �̂�  =  A(
𝑛

2𝑤𝐿𝑃𝑎
)  Eqn. 4 

 

 

Figure 9. Sample histogram to illustrate Pa. Shaded portion indicates undetected 

animals or missed observations in the study region. Unshaded portion indicates 

probability of detection as a function of distance from the observation platform. 

 

The estimator Pa is a function of the perpendicular distances, and can also be 

expressed as  
𝜇

𝑤
. Mu (µ) is known as the effective strip half-width, or ESW (Eguchi 

and Gerrodette 2009), but not equivalent to w. It is worth noting that a wider ESW 

means more missed detection in the sample region and lower abundance estimate, 
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whereas a narrow ESW suggests smaller surveyed area resulting in less precise 

abundance estimates unless more transect lines are traversed to maintain equal 

coverage of the study region. 

 

All data collected were summarized in a single database to easily import into the 

analysis software, R-package Distance version 1.0.1 (Miller et al. 2019). Primarily, 

the database contained distribution data such as Study area, Region Label (survey 

years were used as strata), Area of the stratum (km2), Sample Label which 

identified the transect leg surveyed, Effort (length of each transect leg in 

kilometers), and distance (perpendicular distance in meters). Size of the pod 

detected (cluster size), sea state in Beaufort Scale, and platform or vessel type were 

added as covariates to determine the value of the detection function per species. 

Perpendicular distances (x) were calculated using simple trigonometry, x= rsinθ. 

Note that the estimators like Pa and g(x) are functions of the perpendicular distance. 

An on-effort distance is the summation of distances per leg traversed during the 

active search for animals. The Distance program was the main tool used in the 

analysis of distance sampling data to estimate the abundance and density of the 

cetaceans’ populations.  The program has a graphical user interface, which allowed 

observations’ view, model selection, model checking, fit detection function, and the 

estimation of abundance and density (Miller et al. 2019). Distance using the ds() 

command is embedded with different models that can be performed, and the model 
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with the lowest Akaike’s Information Criteria (AIC) value represents the best fit 

function.  

 

Data Analysis- Spatial Distribution 

 

Sighting waypoints for each species was projected using the Surfer GIS software 

developed by Golden Software, LLC (Colorado, USA) to show the spatial 

distribution of each species. The depth at which sightings were observed were  

interpolated using the bathymetric information from GEBCO and actual in situ 

measurements. The map is useful to visually determine whether the initial patterns 

were notable, such as clustering of sightings of one species close to a specific 

depth, whether there was overlap in the distribution of more than one species that 

were not observed to co-occur, and whether there were associations among species 

in particular area of interest (e.g., marine protected area; navigational lanes).  
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RESULTS 
 

Survey effort and Sightings 

 

The set of ten transect lines placed within the survey area of 766 km2 was surveyed 

in 2010, 2011, 2012, 2014, and 2019 onboard seven different survey vessels (Table 

3). The transect lines were visited for a total of 159 times throughout the survey 

years but the frequency of visits were unequal. Surveys were conducted during both 

the rainy season (June, October, and November) and during the dry season (March 

to May). A total of 2009.5 km survey efforts covered an area of 8041 km2 

throughout the 5-year survey period. Survey effort varied across years, as did the 

area covered during each survey. Lowest effort was recorded in 2019 because of 

unfavorable weather conditions. Experiencing three tropical depressions affecting 

the Bohol Sea is rare during the summer months. This was the case in 2019 but not 

in previous survey years. The total number of sightings of the research species were 

33, 47, 58, and 43 for Grampus griseus (Risso’s dolphin), Lagenodelphis hosei 

(Fraser’s dolphin), Peponocephala electra (melon-headed whale), and Stenella 

longirostris (long-snouted spinner dolphin), respectively. 

 

Animal detections were plotted as functions of cluster size, sea state based on 

Beaufort Scale, and the perpendicular distances from the transect line measured in 

meters (Figs. 10, 11). The plots illustrated that smaller cluster size or group of 

dolphins are often seen very close to the transect line between 0–500 m with the 
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exception of the long-snouted spinner dolphins (Fig. 10D). Cluster sizes were 

mostly < 10 individuals per group per sighting event or observation for Risso’s 

dolphins, < 50 individuals for both Fraser’s dolphins and melon-headed whales, 

and < 100 individuals for long-snouted spinner dolphins.  In terms of sea state, 

surveys were limited to < 4 of the Beaufort Scale, because rough seas drastically 

decreased the detectability of animals. This approach is validated as shown in 

Figures 10 and11, which shows that observations decrease as the Beaufort Scale 

increases, and fewer detections were observed farther from the transect line. 

 

 

Table 3. Survey periods between 2010 – 2019, marine vessels or platform used, and 

corresponding on-effort distances covered. 

Year Month Platform Effort (km) 

2010 October and November Kinnara 466.43 

2011 April, May, and October Timog, Amihan, St. Anne 1 1007.54 

2012 March and April Isola 256.83 

2014 May St. Anne 3 203.20 

2019 April, May, and June St. Anne 5 75.51 
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Abundance and Density Estimates 

 

Half-normal and hazard-rate models, with and without distance truncation, were 

performed using the R-package Distance. Sea state, cluster size, platform (or vessel 

type) and season (dry and rainy) were selected as covariates in the determination of 

the detection function. Forty candidate models were performed per research 

species. Suitable models were initially evaluated based on the Akaike’s Information 

Criterion (AIC) values.  The goodness of fit shown on quantile-quantile (Q-Q) plots 

and the Cramer von Misses test were assessed to decide which among the 

shortlisted models are the most parsimonious. The combination of covariates and 

the perpendicular distance resulted in higher or similar AIC values, which did not 

improve the model fitted to the data. Table 4 shows that half-normal with 

truncation at 1.0 km was chosen for Risso’s dolphin, with an average detectability 

of 0.57. Hazard-rate with truncation distances of 2.1 km and 2.2 km without 

covariates were best-fitted to Fraser’s dolphin and melon-headed whales, 

respectively. Long-snouted spinner dolphins performed well on a half-normal 

model with a truncation distance of 2.0 km and the covariate platform or vessel 

type. Fitted detection probability curves of the best-fit models as a function of the 

perpendicular distances and covariate, as the case for the long-snouted spinner 

dolphin, are shown in Figure 12. Detection probability differed among the four 

species. It was found that Risso’s dolphins have a 57% probability of detection 

within the truncation distance (CV = 0.15), which was two-fold larger than the 

detection for Fraser’s dolphin (25%, CV = 0.20), and about three-fold larger than 
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the detection for melon-headed whales, with only 20% (CV = 0.19) probability of 

detection, but almost similar to the long-snouted spinner dolphins (43%, CV = 

0.20). 

 

The estimated abundances, densities, encounter rates, and cluster size are 

summarized in Table 5. There were fluctuations in the estimates across years but 

overall, long-snouted spinner dolphins were the most abundant species with 3,260 

individuals (CV = 0.35) followed by the melon-headed whales at 2,288 individuals 

(CV = 0.29), Fraser’s dolphin at 2,064 individuals (CV = 0.27) and Risso’s dolphin 

at 525 individuals (CV = 0.32). Similar patterns were observed for encounter rates 

(i.e., the number of animals per km linear distance) values. In terms of cluster size, 

long-snouted spinner dolphins were encountered in bigger pods, almost 3 times 

larger than Fraser’s dolphins and melon-headed whales, and 8.5 times larger 

clusters than Risso’s dolphins. As expected, the encounter rate of long-snouted 

spinner dolphins (2 individuals /km) is higher than the rest of the research species, 

but Fraser’s dolphin and melon-headed whales showed encounter rates similar to 

one another (1 individual /km). These two delphinids were found to have very high 

species association in the Bohol Sea. 
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Figure 10. Frequency of detections plotted against cluster size, sea state, and 

perpendicular distance. (A, B) = Grampus griseus, Risso’s dolphin.       

(C, D) = Lagenodelphis hosei, Fraser’s dolphin. 
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Figure 11. Frequency of detections plotted against cluster size, sea state, and 

perpendicular distance. (A, B) = Peponocephala electra, melon-headed 

whale. (C, D) = Stenella longirostris, long-snouted spinner dolphin. 
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Table 4 

 

Summary of models selected. CvM = Cramer von Misses. CV = Coefficient of Variation. AIC = Akaike’s Information 

Criterion. ESW = Effective Strip Width. 

 

Best- fit Model Key function Formula 
CvM 

p-value 

Average 

detectability 

(Pa) 

CV (Pa) AIC 

number of 

detections, 

n 

truncation 

distance, 

w 

(meters) 

ESW = 

Pa*w 

(meters) 

                    

rissos.hn.trunc1k Half-normal ~1 0.529 0.566 0.150 420.490 31 1000.00 566.09 

hosei.hr.trunc2.1k Hazard-rate ~1 0.803 0.254 0.200 638.957 
45 

2100.00 533.97 

electra.hr.trunc2.2k Hazard-rate ~1 0.933 0.197 0.192 798.343 57 2200.00 432.44 

spinner.hn.pform.trunc2k Half-normal 
~as.factor

(platform) 
0.869 0.434 0.198 621.866 42 2000.00 867.20 
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Table 5 

 

Summary of abundance (N, number of animals), density (D, # of animals/km2), encounter rate (ER, # of animals/km), 

and cluster size estimates. CV = coefficient of variation. 

 

 N CV L95% U95% D CV L95% U95% ER  CV 
Cluster 

Size 
CV 

Risso's dolphin  

2010 170 0.36 84 341 0.22 0.36 0.11 0.45 0.25 0.33 11 0.19 

2011 31 0.48 13 76 0.04 0.48 0.02 0.10 0.05 0.45 6 0.24 

2012 100 0.67 28 356 0.13 0.67 0.04 0.46 0.15 0.65 8 0.56 

2014 117 0.54 39 345 0.15 0.54 0.05 0.45 0.17 0.52 6 0.09 

2019 108 0.97 16 727 0.14 0.97 0.02 0.95 0.16 0.96 12 0 

Total 525 0.32 279 986 0.14 0.32 0.07 0.26 0.12 0.22 8 0.15 

Fraser's dolphin  

2010 308 0.47 126 752 0.40 0.47 0.16 0.98 0.43 0.42 33 0.15 

2011 733 0.32 399 1349 0.96 0.32 0.52 1.76 1.02 0.24 45 0.13 

2012 634 0.39 297 1352 0.83 0.39 0.39 1.77 0.88 0.33 19 0.13 

2014 247 0.60 76 804 0.32 0.60 0.10 1.05 0.34 0.57 23 0.16 

2019 142 1.10 18 1138 0.19 1.10 0.02 1.49 0.20 1.08 15 0 

Total 2064 0.27 1224 3480 0.54 0.27 0.32 0.91 0.77 0.18 26 0.10 

Melon-headed whale  

2010 304 0.80 74 1253 0.40 0.80 0.10 1.64 0.34 0.77 53 0.52 

2011 1192 0.36 599 2371 1.56 0.36 0.78 3.10 1.35 0.30 36 0.24 

2012 683 0.36 335 1390 0.89 0.36 0.44 1.81 0.77 0.31 13 0.21 

2014 109 1.03 18 674 0.14 1.03 0.22 0.88 0.12 1.01 25 0 

2019 0 0 0 0 0 0 0 0 0 0 0 0 

Total 2288 0.29 1310 3994 0.60 0.29 0.34 1.04 0.87 0.25 24 0.18 
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Table 5. Continued. Summary of abundance (N, number of animals), density (D, # of animals/km2), encounter 

rate (ER, # of animals/km), and cluster size estimates. CV = coefficient of variation. 
 

Species N CV L95% U95% D CV L95% U95% 
ER 

(km-1) 
CV 

Cluster 

Size 
CV 

Long-snouted spinner dolphin  

2010 444 0.73 120 1645 0.58 0.73 0.16 2.15 1.10 0.45 58 0.29 

2011 783 0.38 375 1636 1.02 0.38 0.49 2.14 2.00 0.34 79 0.27 

2012 420 0.99 80 2215 0.55 0.99 0.10 2.89 0.55 0.69 70 0.00 

2014 1262 0.70 342 4654 1.65 0.70 0.45 6.08 1.94 0.59 99 0.38 

2019 351 1.01 62 1987 0.46 1.01 0.08 2.59 0.79 0.72 30 0.13 

Total 3260 0.35 1658 6409 0.85 0.35 0.43 1.67 1.55 0.25 68 0.23 
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Figure 12. Best-fit models showing the detection probability curve (solid line) as a 

function of the perpendicular distance (m) and covariates, if any. (A) 

Risso’s dolphin, Grampus griseus. (B) Fraser’s dolphin, Lagenodelphis 

hosei. (C) melon-headed whale, Peponocephala electra. (D) long-

snouted spinner dolphin, Stenella longirostris. 
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Figure 13.  Goodness of fit plots for (A) Risso’s dolphin, Grampus griseus. (B) 

Fraser’s dolphin, Lagenodelphis hosei. (C) melon-headed whale, 

Peponocephala electra. (D) long-snouted spinner dolphin, Stenella 

longirostris. 

 

 

Spatial Distribution 

 

 

Sightings were limited to within 25 km of the shore of mainland Bohol. Although 

this region is a coastal/inshore habitat, the survey area is characterized by shallow 

and narrow reefs that drop off steeply to more than 200 m in depth, which is 

comparable to an oceanic habitat. Figures 14 – 17 shows the distribution of the 

research species in relation to bathymetry. Risso’s dolphins dominantly occupied 
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the depth range of 301 – 400 m, rarely beyond 800 m whereas Fraser’s dolphins 

were often encountered between 301 and 500 m (Fig. 18). Melon-headed whales 

occupied the deeper water between 401 and 500 m in comparison to the Fraser’s 

dolphins (Fig. 19A). Long-snouted spinner dolphins were widespread in 

distribution (Fig. 19B). 
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Figure 14. Distribution map of Risso’s dolphin, Grampus griseus. Contour lines = bathymetry in meters. Thick gray  

     line = transect boundary. 
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Figure 15. Distribution map of Fraser’s dolphin, Lagenodelphis hosei. Contour lines = bathymetry in meters. Thick gray 

line = transect boundary. 
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Figure 16. Distribution map of melon-headed whale, Peponocephala electra. Contour lines = bathymetry in meters. Thick 

gray line = transect boundary. 
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Figure 17. Distribution map of long-snouted spinner dolphin, Stenella longirostris. Contour lines = bathymetry in meters. 

Thick gray line = transect boundary. 
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Figure 18. Frequency of sightings binned every 100 m depth. (A) Risso’s dolphin, 

Grampus griseus. (B) Fraser’s dolphin, Lagenodelphis hosei. 
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Figure 19. Frequency of sightings binned every 100 m depth. (A) melon-headed 

whale, Peponocephala electra. (B) long-snouted spinner dolphin, 

Stenella longirostris. 
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DISCUSSION 
 

 

The study area covered a high traffic, heavily utilized marine corridor in the Bohol 

Sea where small cetaceans such as those included in this study are found. A 5-year 

line-transect-survey effort enabled the estimation of abundance and density of the 4 

selected research species, the production of distribution maps, and the estimation of 

the maximum number of animal removals to sustain the population.  All this 

information are baseline data for this part of the Bohol Sea. 

Data analysis produced annual abundances per species, although some years have 

very low sighting numbers or low detections. Ideally, the number of detections per 

species should be between 60-80 animals (Buckland et al. 2001) to obtain reliable 

estimates. This bias makes the annual estimates less conclusive, therefore only the 

total abundance estimates were used as the baseline values. Pooling the number of 

detections per species did not attain the sample size recommendations, yet the 

results were comparable to other findings of similar species from other regions.  

There are only two other regions or sites in the Philippines where abundance 

estimates of delphinids are available: the eastern Sulu Sea and the Tañon Strait. 

Both are adjacent to the present study site and surveys were carried out using 

similar methods as in this study (Dolar et al. 2006). Comparisons of abundance and 

density among the regions are presented in Table 6, which shows an agreement that 

the most common and abundant species is the long-snouted spinner dolphin. It is 

also noteworthy that not all four research species are found in the Tañon Strait, and 
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when present, the estimated density fell within the range of 0.28 – 0.71 km-2 despite 

having a much smaller survey area.  

Risso’s dolphins are known to inhabit shelf-edge areas and continental slopes 

throughout the species’ range, with densities that are generally low (Jefferson et al. 

2014). This is consistent with the results of this study (Figs. 14, 18A) wherein mean 

cluster size was 8 individuals and the density was 0.14 km-2 (about 14 individuals 

within an area of 100 km2). Risso’s dolphins feed mainly on oceanic cephalopods 

(Blanco et al. 2006; Würtz et al. 2009) during the night between 600-800 m deep.  

In the Bohol Sea, boat surveys were done only during the daytime and most animal 

sightings were at the surface where the waters were between 300-400 m depths. 

Risso’s dolphins were often encountered near the water surface motionless, which 

is indicative of a resting behavior. Individuals would sometimes drift along with the 

current with their tails above the water resembling a head stand, often described as 

sailing. This behavior has not been well explained as to why Risso’s dolphins do it 

although it can be a form of thermoregulation or simply a social behavior.  Visser 

et al. (2011), observed that Risso’s dolphins modify their resting pattern because of 

the presence of whale watching tours in the Azores. They found that the animals 

tend to rest during noontime when the tour activities are much less. Similar 

behavior has been observed in the Bohol Sea and it is likely due to high boat traffic 

in the area as a whole. The behavior may be less of a direct influence from group-

follow strategy of the whale watching boats because Risso’s dolphins are not 
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acrobatic species (leaps, spins, or rides the bow wave) compared to other cetaceans, 

such as the long-snouted spinner dolphins, thus are less attractive to tourists. 

Fraser’s dolphins are oceanic species with a wide distribution in the pantropical 

waters but are rarely seen, or are uncommon, in other regions (Kiszka and Braulik 

2018). Geographic variations and sexual dimorphism have also been reported based 

from cranial examination of Fraser’s dolphins caught in directed and/or incidental 

fisheries (Perrin et al. 2003).  In the Bohol Sea, and in the Philippines in general, as 

described by Dolar et al. (2006), these animals have been observed very frequently 

in tight groups, often riding the bow of the survey vessels, and usually associated 

with other cetaceans. Preference to deep water is common and evidence from this 

study shows co-occurrence. 

Melon-headed whales are sometimes referred to as a “blackfish” that prefer deep 

water far from shore. They aggregate in large pods and are occasionally mixed with 

other delphinids (Perryman 2002).  The majority of prey species reported in the 

stomach content of melon-headed whales are cephalopods (West et al. 2018). There 

are few published studies on melon-headed whale populations thus, they are less 

well understood compared with other species in its subfamily, Globicephalinae, 

which includes the Risso’s dolphins, pilot, pygmy killer, and false killer whales.  

The exception are the two recognized populations that occur around the Hawaiian 

Islands (Aschettino et al. 2012; Martien et al. 2017). In the present study, group 

size was small (between 13 and 54) relative to findings by Baird et al. (2013), 

where group sizes in the main Hawaiian Islands ranged between 1–800 individuals. 
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Since they form a cohesive group, reports of mass strandings of melon-headed 

whales are common (e.g., Southall et al. 2006; Endo et al. 2008; Alava et al. 2012). 

Melon-headed whales in the Bohol Sea were observed primarily co-occurring with 

Fraser’s dolphins (i.e., 60% of the time, similar to reports by Dolar et al. (2006) in 

the eastern Sulu Sea), and with long-snouted spinner (11%) dolphins. Sporadic 

mixing with other species such as the Risso’s dolphin and the Bryde’s whale was 

also observed. Abundance estimates of the Bohol Sea population (2,288; CV = 

0.29) falls in between those reported for the resident-type population in Hawaii 

(447; CV = 0.12) and the main Hawaiian Islands population (5,794; CV = 0.20) 

(Ashchettino 2010). Although different survey methods were used in these 

estimates (Distance sampling in this study and mark-recapture photo-identification 

techniques in the other study), what is interesting is the depth distribution of the 

populations. The resident population were observed at a mean depth of 381 m 

whereas the main island population were encountered at 1844 m (Ashchettino 

2010). The Bohol Sea population occurred at a mean depth of 675 m. 

Long-snouted spinner dolphins are distributed throughout the Philippine waters and 

around the species’ tropical range (Perrin et al. 2002; Alava et al. 2012). They are 

considered to be most conspicuous among the research species because of their 

active behaviors that can be seen at great distances. A high abundance of the long-

snouted spinner dolphins in the Bohol Sea was consistent with what has been 

reported in other tropical waters, such as the eastern Sulu Sea and the western 

tropical Indian Ocean (Dolar et al. 2006). The mean school size in the Bohol Sea 
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(68, CV = 0.23) was the lowest among these regions, which range between 71 and 

170. Encounters in the Bohol Sea were close to the major islands (Fig. 17), which 

make them accessible to dolphin watching tour boats and increase their exposure to 

high-boat density. Numerous boat approaches can often result in avoidance 

behavior and reduced surface time (Timmel et al. 2008; Sorongon et al. 2010). 

 

Significance of the abundance estimates 

 

 

Abundance estimates are the fundamental starting point in determining whether a 

population is stable. It is difficult to establish a fixed value that reliably describes 

the population as sustainable, solely based on these initial estimates. However, 

based on the minimum total abundance estimate (Nmin), the Potential Biological 

Removal (PBR) can be calculated to determine the allowable limits to maintain the 

population (Wade 1998; Taylor et al. 2000). The equation is: 

PBR = 0.5 Nmin Rmax FR, 

where Rmax is the maximum potential population growth rate set at 0.04 for 

cetaceans; FR is the recovery factor that ranges between 0.1 and 1.0; the default FR 

value for cetaceans is 0.5. Based on this equation, the PBR for the species included 

in the present study are as follows: Risso’s dolphin = 5; Fraser’s dolphin = 21; 

melon-headed whales = 23; and long-snouted spinner dolphin = 33. These values 

represent the maximum annual human-caused removal (direct or indirect) 
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allowable, while still maintaining a stable population. Natural mortalities are 

excluded. PBR appears to be a straightforward approach in determining sustainable 

level of bycatch or if the population has reached Optimum Sustainable Population 

when reliable bycatch data is available (Taylor et al. 2000; Slooten and Davies 

2012). 

Table 6. Comparison of abundance and density estimates with other surveyed 

regions. Abundance (N, number of animals), density (D, # of animals/km2), 

CV = coefficient of variation. 
 

Species 
Surveyed 

Region 
N D CV Source 

Risso’s 

dolphin 

Eastern Sulu Sea 1,514 0.03 0.47 Dolar et al. 

2006 Tañon Strait --- --- --- 

Bohol Sea 525 0.14 0.32 This study 

Fraser’s 

dolphin 

Eastern Sulu Sea 13,518 0.58 0.27 Dolar et al. 

2006 Tañon Strait --- --- --- 

Bohol Sea 2,064 0.54 0.27 This study 

Melon-

headed 

whale 

Eastern Sulu Sea 921 0.04 0.83 Dolar et al. 

2006 Tañon Strait 1,383 0.30 0.82 

Bohol Sea 2,288 0.60 0.29 This study 

Long-

snouted 

spinner 

dolphin 

Eastern Sulu Sea 31, 512 1.37 0.27 Dolar et al. 

2006 Tañon Strait 3,489 0.77 0.27 

Bohol Sea 3,260 0.85 0.35 This study 
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Further treatment of the abundance estimates based on the power analysis by 

Gerrodette (1987) and powertrend function embedded in the R-package 

fishmethods (Nelson 2019), provided insight into potential future trajectories of the 

population at different levels of rate of change. Estimates of statistical power are 

shown in Table 7, which indicate that for at least a 50% power, it will take 35 

years, conducting 7 surveys every year, to detect 10% per year decline in the 

population. Smaller rates of decline such as 3% and 5% will take longer (>40 

years) to detect the population trend. Overall, trend detection is very low (0.06 – 

0.61) and this finding is relatively consistent with other species in different regions 

of the world (Thompson et al. 2000; Brown et al. 2016; Slooten and Dawson 2020). 

This guideline is important to consider because oftentimes a reactive approach in 

terms of management is the norm, in which no action is taken unless undeniable 

evidence of population decline is presented and in some cases pressures from 

stakeholders to take action cannot be ignored. 

Table 7 Estimates of statistical power. 

Number 

of 

surveys 

Number 

of years 

Power to detect 

a rate of 

change, r = 3% 

decline/yr 

Power to detect 

a rate of 

change, r = 5% 

decline/yr 

Power to detect 

a rate of 

change, r = 

10% decline/yr 

Power to detect 

a rate of 

change, r = 

20% decline/yr 

3 15 0.06 0.10 0.19 0.36 

4 20 0.09 0.14 0.27 0.49 

5 25 0.11 0.19 0.34 0.59 

6 30 0.14 0.23 0.41 0.67 

7 35 0.17 0.26 0.47 0.74 

8 40 0.19 0.30 0.52 0.79 

9 45 0.22 0.34 0.57 0.83 

10 50 0.24 0.37 0.61 0.87 
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Chapter 3 

MICRO-PATTERNS ON BALEEN BRISTLES OF 

BRYDE’S WHALE (Balaenoptera edeni) USING 

ELECTRON MICROSCOPY 
 

 

Animal abundance provides an insight on population status (Reeves and Ragen, 

2004), yet a prerequisite to abundance estimation is to accurately identify a given 

species. In many cases, the identification process is complicated by the co-

occurrence of multiple rare, cryptic, and phenotypically similar species in the same 

study region. Balaenopterids, specifically the Bryde’s whale complex, share in this 

taxonomic confusion since there are putatively 2 or 3 species comprising this group 

(Constantine et al. 2018). The taxonomy of the Bryde’s whale complex is currently 

disputed, but for clarity of discussion in this study it will be referred to as 

Balaenoptera edeni (Committee on Taxonomy, 2018). Omura’s whale 

(Balaenoptera omurai) on the other hand, was initially recognized as a dwarf or a 

smaller form of the Bryde’s whale. Changes were made when Omura’s whale was 

described in 2003 using genetic data from three locations in the Indo-Pacific 

region, and was recognized as an independent species (Wada et al. 2003). However, 

distinguishing between these whales remains difficult. New evidence has supported 

the overlapping distribution of Bryde’s and Omura’s whales throughout their range 

(Cerchio et al. 2019). More regional populations have been identified using 

expensive survey/research expeditions and analyses, yet few have utilized the 
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availability of baleen from curated museum samples and those from stranding 

events to distinguish the two species. 

Bryde’s whale is one of the middle-sized (12.8 – 16.5 meters long) balaenopterid 

cetaceans found in tropical and subtropical marine waters (Kato 2002). Unlike 

other mysticetes that seasonally move from high to low latitudes, Bryde’s whales 

do not undergo long distance migrations to calve, breed, or feed. The year-round 

occurrence of Bryde’s whales has been documented in the coastal waters of South 

Africa (Best 1977; Penry et al. 2016), with seasonal shifts coinciding with the 

movement of shoaling fishes, such as anchovy and sardines (Best 2001). Other 

populations, including those in the Gulf of California, coastal Japan, the Hauraki 

Gulf in New Zealand, and southeastern Brazil appear to have seasonal occurrences 

(Wiseman et al. 2011; Murase et al. 2016; Soldevilla et al. 2017). Three prominent 

rostral ridges (other rorquals have only one), symmetrical pigmentation of the 

lower jaw, and the hooked dorsal fin located far towards the flukes are useful 

physical characteristics used to identify the Bryde’s whale (Jefferson et al. 2007). 

Omura’s whales have smaller body sizes (10.0 – 11.5 meters long) relative to most 

known balaenopterids. Asymmetry in the lower jaw pigmentation (the right jaw is 

white or pale in color, whereas left jaw is black) and the presence of only one 

central rostral ridge distinguishes it from the Bryde’s whale (Cerchio et al. 2015). 

Dwarf forms also occur among the Bryde’s whale populations off the coast of 

South Africa, showing distinct feeding preferences (Best 2001). The overlapping 

distributions of Omura’s and Bryde’s whales have been observed even in the Bohol 
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Sea, Philippines (N9.30, E124.45) although the initial description was of B. edeni. 

Osteological examination by Perrin, Dolar, & Ortega (1996), suggested that a 

micro-allopatric form is possible, wherein two populations overlap completely in 

their distribution but occupy different ecological niches (as is the likely case in the 

South African population of Bryde’s whales). Partial cytochrome b analysis by 

LeDuc and Dizon (2002) also showed a small form of Bryde’s whale. Re-

examination of skeletal specimens in the marine mammal museum of Silliman 

University Institute of Environmental and Marine Sciences (SU-IEMS) in the 

Philippines, confirmed the existence of Indo-Pacific Bryde’s whale and the 

Omura’s whale (Yamada et al. 2008). 

Available methods for resolving this taxonomic confusion have evolved 

significantly, although the use of microscopy on baleen is a promising diagnostic 

tool that has not been explored extensively. Scanning electron microscope (SEM) is 

an imaging instrument that uses a focused beam of electrons instead of light to 

interact with the sample, creating extremely high-resolution imagery of the surface 

of the sample (Rittner and Bailey 2005). SEM analytical techniques were utilized 

by Pfeiffer (1992) on baleen bristles from three extant mysticete species. He 

observed a parallel alignment of rod-like micro-ridges with cell boundaries forming 

a diamond shape in humpback whales. Sei whales showed slight overlap of the 

epithelial cells, or cuticle, with a “regularly spaced circumference ridges”, whereas 

gray whale exhibited a non-overlapping, elongate arrangement of the cuticle. The 

observations of humpback and gray whales were found to be in agreement with the 
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findings by Young (2012). Her study looked at 10 species of baleen whales and 

reported sei whales having a triangular-shaped cuticle, yet they did not observe the 

type of ridges observed by Pfeiffer (1992). Szewciw et al. (2010) applied von 

Kossa staining on baleen bristles and the cross-sections of the bristle samples 

revealed distinct patterns of calcium salts in the internal rings. The rings varied in 

concentration and thickness, clearly evidence of interspecies differentiation. In 

most of the studies conducted, there was no information on the sexual maturity of 

the rorquals.  

This research study used similar SEM methods to examine baleen samples of 

Bryde’s and/or Omura’s whales to test the central hypothesis that baleen surface 

micro-patterns are characteristic of the species. The following questions will also 

be addressed: (1) What are the micro-patterns in the baleen bristle of Bryde’s and 

Omura’s whales? (2) Are these patterns distinct and unique to the species? (3) 

What is the reliability of this pattern as a taxonomic character, and can it be used to 

confidently identify the species of the source animal? 
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METHODS 
 

 

Baleen bristles were collected from museum specimens of dry-preserved baleen 

plates archived at the Silliman University Institute of Environmental and Marine 

Sciences, Dumaguete City, Philippines. The collections were obtained directly 

from freshly hunted Bryde’s whales or salvaged along the coastline where a shore-

based fishery operated in the 1980s to early 1990s. Each baleen plate was cleaned 

using a steel-wool brush to remove dirt, gum tissue residue, and other particles 

(e.g., sand, leaves) that adhered to the plate. Distilled water was used to rinse the 

plate during washing followed by oven-drying at 600C for 24 hours. The main plate 

retained its black color whereas the minor plates varied from yellow to brown after 

drying. Baleen bristle samples were taken from the frayed distal end of each baleen 

plate (Fig. 20). A single sample strand was attached to the sample holder and 

carbon conductive tabs (Pelco Tabs™) were used as an adhesive surface to attach 

the baleen bristles (length = 8 mm) into the sample holder. The samples were then 

coated with gold in a Denton vacuum sputter coater (Desk III, Denton Vacuum, 

LLC.) before examination under the SEM. SEM operated at voltages between 10-

15kV, magnifications between 50X - 5000X, and varied signal types (back-scatter 

electron and secondary electron) to test which settings produce best image results. 

Sample bristles were viewed in a JSM-6380LV scanning electron microscope 

located at the Florida Institute of Technology High Resolution Microscopy & 

Advanced Imaging Center. 
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Figure 20. Location of the bristle sampled (Left). Placement of the bristles on the 

sample holder after gold sputtering (Right). Vertical mounting of 

bristles for cross-section views (Bottom). 

 

RESULTS 
 

Twenty-one (21) bristles taken from different Bryde’s whale baleen plates were 

viewed in the SEM using secondary electrons (SEI) and back-scatter electrons 

(BES) signals. Cross-section of the bristles showed three layers: the outer layer or 
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cuticle, the middle layer or cortex, and the inner layer or medulla (Fig. 21). Bristles 

examined were clipped from the terminal end and varied in structural condition but 

67% of those that were analyzed were classified as in “good condition” (i.e., 

minimal observable fractures in the outer layer which enabled examination of the 

cortex). The cortex appeared to be a series of thin layers with rod-like structures 

(micro-ridges) embedded within (Fig.22A). The remaining 23% of bristles 

displayed sloughing of the outer layer and possible damage from insects.  Two 

major micro-patterns were observed from the cuticle layer of the bristles: oval-

shaped spots and irregular scale-like patterns (Fig.23). The spots were dominant 

and appeared in 95% of the bristles examined, and were observable even at low 

magnification, while the irregular scale-like pattern was seen only once among the 

samples (Table 8). Micro-ridges exhibited branching structures that ran throughout 

the length of the bristles. In some cases, the cortical outline (Fig. 22B) was visible 

in the scans and were diamond-shaped. The medulla was either hollow, completely 

filled, or partially filled (Fig. 21B). Diameter of the hollow and partially filled 

medullae were 77.7 ± 16.7 µm (Table 8). Measurements of the diameter of the 

completely filled medullae were not taken because the boundary layer was not 

distinguishable. Bristles measured 278.1 ± 42.9 µm in diameter.  
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Table 8. Summary of micro-patterns observed in the bristles of Bryde’s whale.  

   * = No stable isotope data 
 

Baleen ID 

Pattern 

observed 

Medulla 

diameter (µm) 

Bristle 

width (µm) 

Characteristic 

of the Medulla 

SUML 0114 Spots 64.4 245.0 Hollow 

SUML 0115 Scale-like 63.0 248.0 Hollow 

SUML 0117 Spots 90.2 288.0 Partially filled 

SUML 0139a Spots 125.8 360.5 Hollow 

SUML 0139b Spots 80.8 327.0 Hollow 

SUML 0139d* Spots 95.7 275.0 Hollow 

SUML 0139e Spots 84.9 236.0 Hollow 

SUML 0139g* Spots 87.4 287.0 Partially filled 

SUML 0139h Spots 61.0 230.0 Partially filled 

SUML 0139j Spots 82.2 284.0 Partially filled 

SUML 0139L Spots 70.1 299.0 Hollow 

SUML 0139n Spots NA 233.5 Filled 

SUML 0139p Spots 61.7 280.0 Partially filled 

SUML 0139q Spots 67.1 251.0 Partially filled 

SUML 0139s Spots 77.9 315.0 Partially filled 

SUML 0139t Spots 48.7 264.0 Partially filled 

SUML 0749a Spots 71.4 208.0 Hollow 

SUML 0749b Spots 79.0 362.0 Partially filled 

SUML 0756a Spots NA 236.0 Filled 

SUML 0756b Spots NA 332.0 Filled 

SUML 0756c Spots 87.2 280.0 Hollow 
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Figure 21. Structure of (A) Bryde’s whale bristle as seen on the SEM.  BES = back-

scatter electron signal. (B) Cross-sections of the bristle magnified to 

300X showing hollow, partially filled, and completely filled medullae. 

A 
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Figure 22. (A) Cortex layer exposing the branching rod-like structures called micr-

ridges. (B) Micro-ridges with visible cortical outline that appears 

diamond-shaped (arrows). 

 

 

 

B 
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Figure 23. Patterns on the cuticle layer. Top: White spots. Bottom: Irregular wave. 

Adjacent images display close-up view of the patterns at magnifications 

= 250X.  
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DISCUSSION 
 

The present study investigated the hypothesis that surface patterns on the baleen 

bristles are unique to the whale species. This hypothesis predicts that the pattern 

would be reliable and therefore could be a key feature to identify the species using 

a very simple microscopy. Two different patterns were identified –oval-shaped 

spots and irregular scale-like – and the consistency of the oval-shaped spots were 

observed largely on the bristle samples that were identified as being taken from 

Bryde’s whales. This spot characteristic has not been reported in baleen bristles 

previously. In contrast, the irregular scale-like pattern was observed only once 

among the samples examined therefore, no conclusion can be made at this point.  

Further validation is necessary. The non-linear arrangement of the micro-ridges 

found in Bryde’s whales by Young (2012), instead of a parallel orientation 

observed by Pfeiffer (1992) in other whale species such as the humpback whale 

(Megaptera novaeangliae), have also been observed in the present study. However, 

the alignment of the micro-ridges is not uniform throughout the bristles as Young 

(2012) had indicated, thus this feature does not reliably distinguish whale species.  

The outline of the cortical cells (diamond/triangular) was seen only in two bristle 

samples examined, contrasting with observations by Pfeiffer (1992) where this 

characteristic was observed in all of his samples. The observation in the present 

study was similar to what have been reported by Young (2012).  
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The presence of hollow bristles and those with filled medullae in the Bryde’s whale 

samples indicates that both mature and immature whales have been caught in the 

Bohol-Sea-subsistence-whaling efforts. Pfeiffer (1992) reported that mature 

individuals displayed hollow medulla whereas immature whales had loose cellular 

debris within. To some extent, it is possible that juvenile Bryde’s whales have also 

been taken as observed from the completely filled medullae. The whale baleen is 

structurally designed to support flexibility, withstand regular hydration (feeding 

events) and drying (non-feeding) cycles, and reduce the possibility of fracture 

(Aubin et al. 1984; Wang et al. 2019; Szewciw et al. 2010). Having a hollow 

medulla in mature individuals may be advantageous because of increased bristle 

porosity as the baleen plate becomes longer and wider but less heavy. 

The selection of the bristles from the distal end of the baleen plate was made to 

attain uniformity of the bristles, which according to Pivorunas (1976) is mainly 

made up of only the large-type fringe or bristles in fin whales (Balaenoptera 

physalus). Both Bryde’s and fin whales exhibit lunge-type feeding behavior. Unlike 

terrestrial mammal species that exhibit whorled or petal-like designs, other patterns 

observed in Bryde’s whale bristles were non-dimensional. It is possible that the 

bristles with smoother surfaces will result in less inter-bristle abrasion during 

feeding and therefore would experience less breaking of the bristles at the distal 

ends.  This would in turn result in denser bristle mats, and consequently more 

efficient prey-sieving functionality. Further comparisons of the width of Bryde’s 

whale bristle, terrestrial hair as reported by Sessions et al. (2009), and human hair, 
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revealed that Bryde’s whale bristles were wider than the others. The differences 

may be a function of airflow between the bristles or hair (i.e., enhancing for 

diminishing hydration), reduction of entanglement as the case for hairs, and 

promotion of entanglement in the case of baleen bristles to create a dense mat for 

food filtration. For Bryde’s whales, this variation may be a function of the different 

feeding strategies employed by baleen whales, in which fast-moving, lunge-feeding 

rorquals tend to have shorter, coarser baleen bristles relative to slow-moving, 

surface-skimming whales (e.g., bowhead and right whales). Findings from Jensen 

et al. (2017) indirectly associated baleen plate width and average bristle diameter 

wherein thicker plates often have thicker bristles. 

Although there were no available physical reference materials from other regions 

that can be examined for comparison, results from this study represent the first 

report on the micro-patterns and other ultrastructure measurements in Bryde’s 

whales’ baleen bristles.  We suggest that employing SEM analyses of baleen 

bristles can be a useful and reliable complementary method to distinguish between 

lesser-known baleen whale species in Philippine waters.  Combined with other 

methods such as gross morphology and genetic analyses, SEM analysis is 

particularly useful for cases where only limited or archived tissue samples are 

available for species identification, and should be developed further for regions 

where little available data on such species are available. 
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Chapter 4 

PROFILES OF δ13C AND δ15N IN THE BALEEN 

PLATES OF BRYDE’S WHALE (Balaenoptera edeni) 

USING STABLE ISOTOPE ANALYSIS (SIA) 
  

 

The spatial distribution of many cetaceans is closely linked to what, where, and 

when they forage. Unfolding the complexity of the feeding habits of these mobile 

top predators coupled with their equally mobile prey is challenging. Research 

developments have extended from the conventional method of stomach content 

analysis to the use of naturally-occurring biogeochemical tracers such as stable 

isotopes (DeNiro and Epstein 1978; 1981), DNA sequencing of prey fecal materials 

(Deagle et al. 2009), and fatty acid analysis (Hooker et al. 2001). The types of 

samples needed for these methods are often available as archived materials and can 

be also readily collected from live cetaceans using remote biopsy darting 

techniques. Therefore, every boat-based cetacean survey is also an opportunity to 

collect tissue samples for this type of analysis. 

Relative proportions of carbon isotopes in animal tissues provide information on 

the source of primary production in an organism’s feeding grounds, whereas 

nitrogen isotopes indicate the trophic position of that organism. A trophic position 

is a level or hierarchy in the food pyramid occupied by an organism (or groups of 

organisms) as illustrated in Figure 20 (Nybakken 2001). Carbon isotope values in 

consumers increase slightly (0-1‰) from prey to consumer during trophic transfer 
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(Rau et al. 1982; Fry and Sherr 1984) making it a conservative tracer. Nitrogen 

isotope values behave differently in that there is a step-wise increase of 3.4‰ at 

each trophic position (DeNiro and Epstein 1981). Previous studies in delphinids 

revealed that δ13C and δ15N vary geographically for estuarine, coastal, and pelagic 

species (Barros et al. 2010; Bisi et al. 2013; Browning et al. 2014; Liu et al. 2015) 

implying that the resolution of stable isotope data can reliably distinguish foraging 

habitats. In a study of these isotopes in four species of balaenopterids, the 

individuals tested registered 18.2 – 16.0‰ for δ13C and 10.92 – 15.8‰ for δ15N, 

suggesting that baleen whales are ichthyophagous and inhabit open-ocean habitats 

(Gendron et al. 2001; Lui et al. 2015). Isotope values are also used to link diet and 

migratory whale populations (Witteeveen et al. 2011), identify ontogenetic diet 

variation as a function of age (Knoff et al. 2008), differentiate population structure 

(Born et al. 2003), assess feeding strategies (Eisenmann et al. 2016) and generate 

isotopic landscapes or isoscapes (Graham et al. 2010). While this analytical 

technique has been gaining wide usage in other countries and improves our 

understanding of the feeding ecology of cetaceans, it has not been utilized in the 

Philippines or the Bohol Sea. 



 

 

80 

 

 

Figure 24.  Example of a food pyramid showing the different trophic levels. 

      

Another application of SIA is to elucidate resource utilization in sympatric species. 

Sympatric species are related organisms or populations with overlapping 

geographic distributions. Although multi-species association of cetaceans have 

been documented to occur in different oceans, the reason for these interactions are 

not fully understood. Several possible explanations include predator avoidance and 

social advantage but the most common is related to foraging (Kiszka et al. 2011). 

The ‘competitive exclusion principle’ or Gause’s Law states that two species 

competing for the same limiting resource will result in the displacement of one of 

the species (Hardin 1960).  Resource partitioning is an ecological concept in which 

different species coexist in the same area or habitat (niche), consuming available 

resources differently in time and space. Such niche partitioning has been 

demonstrated both in terrestrial and marine ecosystems. A classic study of bumble 

bees (Bombus sp.) in the mountains of Colorado found that bees with a long 
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proboscis collect nectar from flowers with long corolla whereas bees with a short 

proboscis visit flowers with short corolla, and those that have similar proboscis 

lengths occurred at different altitudes (Pyke 1982). Cetaceans exhibit similar 

mechanisms in which mysticetes (baleen whales) like the blue and Bryde’s whales 

consume euphausiids, the humpback whales eat diverse small schooling fishes, and 

the right and sei whales eat copepods (Schoenherr 1991; Konishi et al. 2009; Laidre 

et al. 2010). Odontocetes (toothed whales) on the other hand, prey on myctophids, 

cephalopods, and crustaceans (Dolar et al 2003; Gannon and Waples 2004; Blanco 

et al. 2006). Examination of stomach contents at various age-and-sex classes also 

show that odontocetes switch prey, suggesting resource partitioning for energetic 

requirements. 

Bryde’s whale (Balaenoptera edeni)1 is one of the intermediate-sized (12.8 – 16.5 

meters long) balaenopterid cetaceans found in tropical and subtropical marine 

waters (Kato 2002). It does not undergo long distance migrations to calve, breed, 

and feed unlike other mysticetes that move seasonally from high latitudes to low 

latitudes. Their primary feeding grounds are therefore critical to individual Bryde’s 

whale energy budgets and survival. Year-round occurrence of this species has been 

documented in the coastal waters of South Africa with seasonal shifts that coincide 

with the movement of shoaling fishes such as anchovies and sardines (Best 1977; 

 
1 The taxonomy of Bryde’s whale remains not settled to date but for clarity of 

discussion in this chapter, it will be referred to as Balaenoptera edeni (Committee 

on Taxonomy, 2018). 
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2001). Other global populations like those in the Gulf of California, coastal Japan, 

the Hauraki Gulf in New Zealand, and southeast Brazil appear to have seasonal 

occurrences as well (Wiseman et al. 2011; Murase et al. 2016; Soldevilla et al. 

2017; Tezanos-Pinto et al. 2017; Maciel et al. 2018). For the Bryde’s whale 

population in the Bohol Sea, it is not known to which stock it belongs, or if it is 

regionally distinct, that is, a population with sub-species divergence similar to what 

has been reported by Penry et al. (2016). Bryde’s whales were once the target of a 

subsistence whale fishery that originated in the town of Lila, Bohol and adopted in 

the nearby island of Pamilacan (Fig. 2). This fishery persisted from the early 1980s 

to late 1990s, harvesting an average of 12 whales per year in the span of 8 years 

(Dolar et al. 1994; Acebes 2009). No visual sightings of Bryde’s whales were 

documented by any scientific study or reported by cetacean tour operators between 

the last kill in 1994 (Tan 1995) and 2009. Re-occurrence of Bryde’s whales was 

recently documented in June 2010, with an individual surfacing close to the eastern 

side of the Pamilacan Island. Unfortunately, visual sightings produced no 

biological samples that can help improve the knowledge on Bryde’s whales that 

occur in the Bohol Sea. The identity of this population and how it is linked to the 

global population of Bryde’s whale has not been addressed. Aside from the basic 

fact that Bryde’s whales occur in the Bohol Sea, and were once locally harvested, 

nothing more is known about its ecology in the study area. Fortunately, this 

subsistence whaling fishery also became an opportunistic chance to recover baleen 

plates for use as biological material in the present study.  
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Bryde’s whales are obligate filter feeders eating a wide variety of schooling fishes, 

small crustaceans, and even cephalopods (Kato 2002). “Lunge feeding” is how this 

type of balaenopterid forages, in which a large volume of prey-rich seawater is 

engulfed, followed by accommodation of the buccal cavity via expansion of throat 

grooves, and subsequent filtration using the baleen plates with mouth closed 

(Simon et al. 2012). The array of baleen plates emerging from the upper jaw is its 

only feeding apparatus. Baleen plates are made of keratin, a type of fibrous protein, 

which allows cells to adhere together and form a protective layer, much like the 

structure of human hair and fingernails. Baleen plates grow continually during the 

whale’s lifetime, developing from the upper gumline at the proximal section and 

terminating at the distal tip (Fig. 21). Therefore, baleen deposition in the proximal 

section represents the most recent baleen growth yet it tells us the isotopic 

composition of the whale at an older age. In contrast, the distal end have baleen 

growths from a younger age of the whale individual. The plate is fringed rather 

than smooth inside the oral cavity, creating a coarse mat that is efficient in trapping 

prey while straining out the water. According to Jefferson et al. (2007), the baleen 

plates of Bryde’s whale can reach up to 40 cm in length.  

Many marine animals consume a variety of prey types and forage in a variety of 

habitats. Differences in their feeding behavior may be reflected in their nutrition, 

assuming this nutritional content is stored and not used up. Storage reservoirs such 

as a baleen plates can therefore become a useful depository of dietary information 

recorded as a time series of nutritional intake.  Since baleen plates grow throughout 
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the lifetime of a baleen whale, are metabolically inert, and records the isotopic 

composition of the prey consumed, it is potentially a useful marker for stable 

isotope analysis. The fundamental premise of stable isotope analysis is based on the 

fact the lower-mass isotopes (14N or 12C) require less energy to be acted upon by 

chemical processes, and are therefore metabolized, excreted or respired more 

rapidly, making the tissues “enriched” with higher concentrations of the heavier 

isotope (15N or 13C). This predictable enrichment of 15N in the tissue of the 

consumer versus its prey is between 3-4‰ (mean value of 3.4‰) from one trophic 

level to the next (e.g. herbivore to carnivore), whereas only a slight change of 1‰ 

has been suggested for 13C (DeNiro & Epstein 1978, 1981). Carbon isotope values 

tend to be depleted as latitude increases (Schell et al. 1989). For example, a gray 

whale migrates to Baja California in December and forages within that area. After 

spending three months in Baja California, the whale starts migrating back to the 

Arctic in March and resumes feeding in that region. Given the same type of prey 

species were consumed between feeding regions, the changes in the feeding 

locations will be reflected in the isotopic values incorporated in the baleen. The 

carbon isotope value that will be detected in the baleen corresponding to the 

December foraging period will be enriched compared with the most recent 

measurement that corresponds to March feeding in the Arctic. 

This chapter aims to explore the feeding habits of Bryde’s whales through 

reconstruction of its diet via application of stable isotope analysis (SIA) of baleen 

plates. Specific objectives include the following: (1) Define the baleen plate growth 
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rate for Bryde’s whale as it is currently unknown for this species. Knowing the 

baleen growth rates increases the temporal resolution of the isotopic data, 

specifically when biological data are available (e.g., the time of death, age class, 

sex, length of the animal). (2) Examine any seasonality to the stable isotope data, to 

detect if a cyclic pattern in movement, foraging zones, and/or dietary shifts are 

present.  

 

 

Figure 25.  Photograph of a section of the baleen plates in Bryde’s whale (B. 

edeni). Left: smooth edge faces the outside of the mouth. Right: inner 

edge is frayed. 
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METHODS 
 

Sample collection and preparation 

 

The whale bone museum of the Silliman University – Institute of Environmental 

and Marine Sciences, Dumaguete City, Philippines, keeps an archive of baleen 

plates recovered or salvaged from different hunting localities, namely: Lila, 

Pamilacan Island, and Camiguin Island all located in the Bohol Sea, from 1986 - 

1994. These baleen plates were used in this study as samples to quantify carbon and 

nitrogen stable isotope values. Size, sex, maturity stage, date of capture, and other 

details about the individual whales were not available except for the date and 

geographic location of sample collected. In some cases, multiple baleen plates were 

labeled as originating from the same individual whale. In such cases, a single 

baleen plate was randomly selected as the representative sample for that individual. 

García-Vernet et al. (2018) found that the stable isotope ratios were statistically 

similar independent of the location of the baleen plate in the buccal cavity.  

 

Both sides of all baleen samples were cleaned by washing with Deionized water, 

scrubbed to remove foreign matter (e.g., dried sand and tissues), then rinsed again 

with Deionized water. Oven-drying followed at 60oC for 24 hours. Lengths of 

cleaned plates were measured and recorded. Each baleen sample was subsampled at 

1.0 cm intervals along the outer smooth edge starting from the proximal to the 

distal tip (Fig.22). Since baleen growth rates for Bryde’s whales are unknown, the 
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interval used here was chosen based on baleen growth rates of 1 cm-month-1 

reported for minke whales (Balaenoptera acutorostrata) (Mitani et al. 2006). 

Similarly, the isotopic incorporation rate for minke whales was used as a reference 

and for validation of our analyses, since there is no corresponding data for Bryde’s 

whales. A Dremel engraving tool with an attached 3 mm (diameter) drill bit was 

used to pulverize a small section of each subsample. Weight of subsamples varied 

due to the thickness of the BP decreasing from proximal to distal ends. Vertical 

subsampling allows detection of stable isotope values every time a new growth in 

the BP develops, providing a dietary record to time preceding capture. Powdered 

baleen samples were weighed and stored in glass vials. Approximately 0.5 mg to 

1.0 mg of the powder was weighed using the micro-balance Mettler Toledo MX5 in 

tin capsules for encapsulation (Fig. 23). Encapsulated samples were then sent to the 

University of New Mexico – Center for Stable Isotopes (https://csi.unm.edu/) in 

Albuquerque, New Mexico, USA for combustion in an Elemental Analyzer Isotope 

Ratio Mass Spectrometer (EA-IRMS). 

https://csi.unm.edu/
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Figure 26. Sub-sampling along the length of the baleen plate. 

 

 

Figure 27. Weighing and encapsulation of powdered baleen samples. 



 

 

89 

 

Data Analysis 

 

Stable isotope ratios were reported using the delta notation in per mil (‰) unit, as 

follows: 

𝛿ℎ𝑋 = 1000 𝑥 (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) 

 

where hX is the isotopic element such as 13C and 15N and Rsample was the ratio 

between the heavy and the light isotope (e.g. 13C/12C). The standard references for 

carbon and nitrogen were the Vienna-Pee Dee Belemnite (V-PDB) and atmospheric 

N2, respectively. Known standard samples or conditioners are included in the assay 

for quality assurance. 

The series of δ13C and δ15N values along the length of each baleen sample were 

visualized in a two-dependent variable plot. The x-axis corresponds to the 

subsampling intervals (in cm) whereas y-axes represent the δ13C and δ15N values. 

The series of fluctuations or cycles in the values of δ13C and δ15N along the baleen 

length is referred to as oscillation. Sequential maximum peaks for δ13C or 

sequential minimums for δ15N represent one annual cycle and the distance between 

them expressed in centimeters is the baleen plate growth rate. The vertical 

subsampling gives a profile of δ13C and δ15N that reflects the seasonal cycling. This 

is representative of the animal’s foraging pattern based on the changes in stable 

isotopes composition. Generalized Additive Models (GAM) was fitted to δ13C and 
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δ15N values as a function of the sampling points along the baleen plate to assess the 

fluctuations. The non-linear wiggly data set was best described by the GAM instead 

of the typical linear models. Data were analyzed in the software R (R Core Team 

2020) using the packages “ggplot2” (Wickham 2016) and “mgcv” (Wood 2011, 

2017). The function restricted maximum likelihood (REML) and geom_smooth 

was used to estimate the smoothing parameter and the GAM models. 

      

 

RESULTS 
 

Twenty-four baleen plates were analyzed in this study, and all were assumed to 

have been originally collected from Bryde’s whale captures during the subsistence 

whaling period in the Bohol Sea. Localities from where the samples were collected 

indicated in Table 8 (see also map in Figure 2). Sub-samples collected at 1.0 cm 

interval along the smooth edge of the plate from the proximal to the distal end 

provided carbon and nitrogen isotopic values. The proximal end (closest to the 

gum) represented the newest or most recent growth of the baleen, whereas the distal 

end is the furthest end, corresponding to the oldest growth. The number of sub-

samples depended on the total length of the baleen plate. The average δ13C value 

for all plates combined was -17.1 (n = 24; SD = 0.11) whereas the average for δ15N 

was 9.1 (n= 24; SD =0.17) (Table 8). Minimum and maximum isotopic values were 
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-18.2‰ and -15.7 ‰ for δ13C and 7.5‰ and 11.1‰ for δ15N, respectively. The C:N 

ratio was 3.4 (n= 24; SD = 0.02). The BP from whale ID SUML 0116d showed the 

highest range or amplitude (δ15Nmax - δ
15Nmin) of 2.9‰ in the δ15N values while 

SUML 0118 had the largest range of 2.0‰ in δ13C values. The lowest variability in 

δ15N and δ13C were exhibited by SUML 0756a at 0.6 ‰ and 0.8‰, respectively. 

Mean amplitude was 1.7±0.6 ‰ (δ15N) and 1.3±0.3‰ (δ13C).  

Isotopic changes were observed along the length of each baleen plate (Figs. 24-30). 

Noticeably, the most recently incorporated nitrogen isotope ratio (i.e., sub-sample 

taken closest to the gum line) was highest in all baleen samples except for SUML 

0051. Further comparisons between isotopic mean values and localities where the 

samples were collected showed differences in δ13C values (F (2, 17) = 54.6; p < 

0.001) but no differences were observed in the δ15N values (F (2, 17) = 0.07; p = 

0.93). A Student t-test showed that baleen samples collected from Lila, Bohol 

(SUML 0051 and the SUML 0139-series) were significantly enriched in δ13C 

values compared to samples from Pamilacan Island (t6 = 8.70; p<0.001, and 

Camiguin (t3 = 8.33; p = 0.002). No significant variation was found between 

Pamilacan and Camiguin samples although samples from Pamilacan Island, Bohol 

revealed δ13C depletion (Fig. 31). Samples of unknown localities were excluded in 

the analysis. 

 



 

 

92 

 

 

Baleen Growth Rate  

 

The δ15N values were used to estimate the growth rate of the baleen, although both 

data sets were analyzed using GAM modelling, and oscillations in δ15N were not 

homogeneous. Not all samples showed strong oscillations that were useful for 

providing reasonable estimates, therefore only SUML 0051, 0117, 0118, 0139-

series, 0749a, and 0756c were used for baleen growth rate determination based on 

the fit of the GAM modelling (Figs. 32-33, Tables 9-10). Sequential lowest 

depletions in nitrogen isotope ratios were considered as spanning a 1-year period of 

isotopic data, and the distance between these minimums was used as the estimated 

growth rate for Bryde’s whale baleen plates. The shortest growth rate of baleen was 

5.0 cm/yr whereas the longest estimate was 14.0 cm/yr. The overall mean was 7.8 

± 2.7 cm/yr. Taking into consideration the total length of each baleen sampled, 

between 2.1 and 4.0 years of isotopic data were observed in the baleen plates 

(Table 11).  

 

Isotopic data in baleen plates from the same individual whale 

 

 

Multiple baleen plates used in this study had the same baleen ID number when 

obtained from the museum. It was assumed that these plates belong to one whale 

individual unless specified in the museum label.  For example, baleen ID number 

SUML 0116 had 5 baleen plates. Prefixes of a to e were added to the baleen ID 
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labels to differentiate one baleen plate from another. In the case of SUML 0139, the 

batch of baleen plates were suspected to be from different whale individuals. No 

significant statistical variation was found in δ13C of SUML 0116 (F (4,95) = 2.03; p = 

0.10) and SUML 0139 (F (7, 143) = 0.19; p = 0.99). Similar non-significant results 

were found in δ15N of SUML 0116 (F (4,95) = 0.82; p = 0.51) and SUML 0139 (F (7, 

143) = 0.28; p = 0.96). Isotopic data were consistent regardless of the position of the 

baleen plate in the buccal cavity (Fig34).  In contrast, SUML 0756 was statistically 

different when all three baleen plates were compared, F (2,41) = 5.28; p = 0.01). 
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Table 9 

 

Summary of the baleen samples and the corresponding analytical results of carbon and nitrogen isotope ratios. 

SD = standard deviation. C:N = molar ratio of carbon to nitrogen. # = Information from Dolar et al. (1994). 

 

Baleen ID 

Length of 

baleen plate 

(cm) 

No. of 

sub-

samples 

δ13C (‰) SD δ15N (‰) SD C:N SD Locality Collected / Year 

SUML 0051 25.8 21 -16.4 0.39 8.8 0.49 3.4 0.03 Lila, Bohol / Feb 1994 

SUML 0114 24.5 20 -17.7 0.30 8.9 0.71 3.4 0.04 Pamilacan Island, Bohol /Unknown 

SUML 0115 20.1 17 -16.9 0.59 9.0 0.87 3.4 0.03 Pamilacan Island, Bohol /Mar 1993# 

SUML 0116a 21.1 15 -17.4 0.42 9.1 0.60 3.5 0.04 Pamilacan Island, Bohol /June 1992 

SUML 0116b 24.8 19 -17.7 0.34 8.9 0.56 3.5 0.09 Pamilacan Island, Bohol /June 1992 

SUML 0116c 29.1 23 -17.5 0.41 8.9 0.76 3.5 0.03 Pamilacan Island, Bohol /June 1992 

SUML 0116d 28.0 22 -17.6 0.39 9.0 0.86 3.4 0.04 Pamilacan Island, Bohol /June 1992 

SUML 0116e 28.9 21 -17.7 0.30 8.7 0.63 3.5 0.04 Pamilacan Island, Bohol /June 1992 

SUML 0117 25.2 21 -17.1 0.59 8.6 0.57 3.5 0.10 Sagay, Camiguin / July 1992 

SUML 0118 21.3 18 -17.3 0.51 8.7 0.42 3.4 0.05 Sagay, Camiguin / Unknown 

SUML 0139a 24.2 19 -16.5 0.39 9.0 0.50 3.4 0.07 Lila, Bohol / June 1994 

SUML 0139b 29.3 22 -16.6 0.36 8.9 0.42 3.3 0.04 Lila, Bohol / June 1994 

SUML 0139e 31.0 26 -16.6 0.36 9.0 0.40 3.4 0.03 Lila, Bohol / June 1994 

SUML 0139h 20.5 17 -16.5 0.48 8.9 0.58 3.4 0.04 Lila, Bohol / June 1994 

SUML 0139j 23.0 17 -16.5 0.42 9.0 0.41 3.3 0.05 Lila, Bohol / June 1994 

SUML 0139L 26.7 21 -16.6 0.38 8.9 0.45 3.4 0.02 Lila, Bohol / June 1994 

SUML 0139q 20.2 15 -16.5 0.35 8.9 0.46 3.4 0.03 Lila, Bohol / June 1994 

SUML 0139s 18.3 14 -16.6 0.35 8.8 0.53 3.4 0.03 Lila, Bohol / June 1994 

SUML 0749a 29.4 23 -17.5 0.25 9.2 0.42 3.6 0.05 Camiguin Island / Mar 1986 

SUML 0749b 30.3 24 -17.5 0.28 9.3 0.40 3.4 0.03 Camiguin Island / Mar 1986 

SUML 0755 25.6 21 -16.9 0.63 9.0 0.59 3.5 0.05 Unknown 

SUML 0756a 16.4 12 -17.5 0.27 10.8 0.22 3.5 0.03 Unknown 

SUML 0756b 20.0 15 -17.3 0.44 10.9 0.19 3.5 0.05 Unknown 

SUML 0756c 21.2 17 -17.0 0.56 8.9 0.36 3.5 0.05 Unknown 
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Table 10. Generalized Additive Model results to assess the δ13C oscillations in 

Bryde’s whale baleen samples. E.df = Estimated degrees of freedom. n= number of 

sub-samples. 

 

Baleen ID n 

δ13C 

E.df F Adjusted R2 p-value 
Deviance 

explained (%) 

SUML 0051 21 7.31 49.0 0.95 <0.001 97.0 

SUML 0114 20 4.78 22.2 0.87 <0.001 90.4 

SUML 0115 17 6.21 103.9 0.98 <0.001 98.7 

SUML 0116a 15 1.78 56.9 0.90 <0.001 91.2 

SUML 0116b 19 7.63 51.1 0.96 <0.001 97.7 

SUML 0116c 23 6.03 42.1 0.93 <0.001 95.1 

SUML 0116d 22 4.96 50.5 0.94 <0.001 95.1 

SUML 0116e 21 5.15 30.4 0.91 <0.001 92.9 

SUML 0117 21 7.88 33.6 0.94 <0.001 96.1 

SUML 0118 18 6.33 18.5 0.90 <0.001 93.7 

SUML 0139a 19 6.44 79.0 0.97 <0.001 98.1 

SUML 0139b 22 7.67 124.9 0.98 <0.001 99.0 

SUML 0139e 26 7.86 57.6 0.95 <0.001 96.7 

SUML 0139h 17 6.90 83.3 0.98 <0.001 98.7 

SUML 0139j 17 6.43 74.6 0.97 <0.001 98.4 

SUML 0139L 21 6.97 49.5 0.95 <0.001 96.9 

SUML 0139q 15 4.78 33.7 0.93 <0.001 95.6 

SUML 0139s 14 4.91 25.9 0.92 <0.001 95.2 

SUML 0749a 23 7.55 21.4 0.89 <0.001 92.8 

SUML 0749b 24 7.91 47.1 0.95 <0.001 96.5 

SUML 0755 21 7.70 195.5 0.99 <0.001 99.3 

SUML 0756a 12 5.22 30.8 0.95 <0.001 97.2 

SUML 0756b 15 6.62 141.0 0.99 <0.001 99.3 

SUML 0756c 17 7.87 174.9 0.99 <0.001 99.5 
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Table 11. Generalized Additive Model results to assess the δ15N oscillations in 

Bryde’s whale baleen samples. E.df = Estimated degrees of freedom. = 

number of sub-samples. 
 

Baleen ID n 

δ15N 

E.df F Adjusted R2 p-value 
Deviance 

explained (%) 

SUML 0051 21 8.35 43.8 0.95 <0.001 97.1 

SUML 0114 20 5.62 62.2 0.96 <0.001 97.0 

SUML 0115 17 7.44 296.2 0.99 <0.001 99.7 

SUML 0116a 15 2.11 86.6 0.94 <0.001 95.1 

SUML 0116b 19 1.0 228.0 0.93 <0.001 93.4 

SUML 0116c 23 5.97 73.8 0.96 <0.001 97.1 

SUML 0116d 22 5.54 73.0 0.96 <0.001 97.0 

SUML 0116e 21 7.78 74.8 0.97 <0.001 98.2 

SUML 0117 21 8.88 470.7 1.0 <0.001 99.7 

SUML 0118 18 6.92 12.7 0.83 <0.001 92.2 

SUML 0139a 19 7.96 49.8 0.96 <0.001 97.8 

SUML 0139b 22 7.84 38.0 0.95 <0.001 97.1 

SUML 0139e 26 7.91 29.1 0.91 <0.001 93.9 

SUML 0139h 17 8.52 75.7 0.98 <0.001 98.9 

SUML 0139j 17 8.55 77.2 0.98 <0.001 98.9 

SUML 0139L 21 7.63 24.5 0.91 <0.001 94.6 

SUML 0139q 15 6.92 20.8 0.92 <0.001 96.1 

SUML 0139s 14 6.66 18.9 0.92 <0.001 96.1 

SUML 0749a 23 8.14 75.7 0.97 <0.001 98.0 

SUML 0749b 24 8.07 76.1 0.97 <0.001 97.8 

SUML 0755 21 4.12 13.9 0.78 <0.001 82.5 

SUML 0756a 12 4.60 11.8 0.86 <0.001 91.7 

SUML 0756b 15 5.18 25.1 0.92 <0.001 94.8 

SUML 0756c 17 7.71 68.3 0.97 <0.001 98.6 
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Table 12. Duration of isotopic data embedded in the baleen plate and estimated 

baleen growth rate in Bryde’s whales. # = calculated based on overall 

mean baleen growth rate of 7.8 cm/yr (SD = 2.7). 

Baleen ID 
Length of baleen 

plate (cm) 

Distance between 

δ15N minimums (cm) 

Years of 

data#  

SUML 0051 25.8 6.0 3.3 

SUML 0114 24.5 N/A 3.1 

SUML 0115 20.1 N/A 2.6 

SUML 0116a 21.1 N/A 2.7 

SUML 0116b 24.8 N/A 3.2 

SUML 0116c 29.1 N/A 3.7 

SUML 0116d 28.0 N/A 3.6 

SUML 0116e 28.9 N/A 3.7 

SUML 0117 25.2 9.0 3.2 

SUML 0118 21.3 10.0 2.7 

SUML 0139a 24.2 7.0 3.1 

SUML 0139b 29.3 7.5 3.8 

SUML 0139e 31.0 14.0 4.0 

SUML 0139h 20.5 6.0 2.6 

SUML 0139j 23.0 5.0 2.9 

SUML 0139L 26.7 N/A 3.4 

SUML 0139q 20.2 N/A 2.6 

SUML 0139s 18.3 N/A 2.3 

SUML 0749a 29.4 6.0 3.8 

SUML 0749b 30.3 N/A 3.9 

SUML 0755 25.6 N/A 3.3 

SUML 0756a 16.4 N/A 2.1 

SUML 0756b 20.0 N/A 2.6 

SUML 0756c 21.2 7.0 2.7 
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                          L to R: Distance (cm) from distal to proximal ends  

                         of the baleen plate (i.e., younger to older age) 

 

Figure 28. δ13C (open squares) and δ15N (open circles) values along the smooth 

edge of the baleen plate from tip to base. 
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                                 L to R: Distance (cm) from distal to proximal ends  

            of the baleen plate (i.e., = younger to older age  

Figure 29. δ13C (open squares) and δ15N (open circles) values along the smooth 

edge of the baleen plate from tip to base. 
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        L to R: Distance (cm) from distal to proximal ends 

            of the baleen plate (i.e., = younger to older age  
 

Figure 30.  δ13C (open squares) and δ15N (open circles) values along the smooth 

edge of the baleen plate from tip to base. 
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L to R: Distance (cm)from distal to proximal ends 

            of the baleen plate (i.e., = younger to older age  

 

Figure 31.  δ13C (open squares) and δ15N (open circles) values along the smooth 

edge of the baleen plate from tip to base. 
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L to R: Distance (cm) from distal to proximal ends 

            of the baleen plate (i.e., = younger to older age  

 

Figure 32. δ13C (open squares) and δ15N (open circles) values along the smooth 

edge of the baleen plate from tip to base. 
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L to R: Distance (cm) from distal to proximal ends 

            of the baleen plate (i.e., = younger to older age  

 

Figure 33.  δ13C (open squares) and δ15N (open circles) values along the smooth 

edge of the baleen plate from tip to base. 
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L to R: Distance (cm) from distal to proximal ends 

            of the baleen plate (i.e., = younger to older age  
 

Figure 34.  δ13C (open squares) and δ15N (open circles) values along the smooth 

edge of the baleen plate from tip to base. 
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Figure 35.  (Top) Dual isotope plot based on mean isotopic values of the baleen 

samples. (Bottom) Isotopic values of the Bohol Sea Bryde’s whales in 

comparison to Bryde’s and other baleen whales from different regions 

and potential prey species. All baleen samples were used in the 

comparison except as indicated. 
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Figure 36.  Generalized Additive Model plots showing the variation of δ13C along 

the baleen plates from six individual whales with discernable 

oscillations. Spline (gray shading) shows the 95% confidence interval. 

Solid blue line = fit of the GAM modelling. Black dots = actual δ13C 

values. 
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Figure 37. Generalized Additive Model plots showing the variation of δ15N along 

the baleen plates from ten individual whales used in the calculation of the baleen 

growth rate. Spline (gray shading) shows the 95% confidence interval. Solid blue 

line = fit of the GAM modelling. Black dots = actual δ15N values. 
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Figure 38.  Isotopic C and N plots of multiple baleen plates with similar baleen ID 

numbers. Time runs from left to right, oldest to newest growth. 
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DISCUSSION 
 

This study is the first attempt to examine the carbon and nitrogen isotope profiles in 

the baleen plates of Bryde’s whales harvested in artisanal fishery in the Bohol Sea 

using stable isotope analysis (SIA). Baleen plates are keratin-based and the molar 

ratio of C to N in this study (3.4 ± 0.02) was within the range of 3.4 ± 0.5 

previously reported by O’Connell and Hedges (1999). This means that the 

powdered Bryde’s whale baleen samples were made of pure keratin material. SIA 

was used to define the growth rate of Bryde’s whale baleen (unknown for Bryde’s 

whales prior to this study) as 7.8 ± 2.7 cm/yr. The calculated baleen growth rate 

value is lower relative to values reported for other baleen whales such as the 

bowhead (16-25 cm/yr), blue (15.5 cm/yr), humpback (16 cm/yr), minke (12.9 

cm/yr), sei (10-16.5 cm/yr), fin (20 cm/yr), and the southern right whales (31 

cm/yr) (Schell et al. 1989; Mitani et al. 2006; Rowntree et al. 2008; Bentaleb et al. 

2011; Eisenmann et al. 2016; Busquets-Vass et al. 2017; Reiss et al. 2019).  

Unfortunately, the length of the baleen plate is not a good indicator of the age class 

of the animal, and shorter plate length does not always mean that the animal is 

juvenile. The distal tip of the baleen plate is worn out rapidly so only a portion of 

the isotopic record from each whale’s lifetime is recorded in this material.  

However, in reference to the stable isotope ratios, there is consistency in the 

oscillations and baleen growth rate regardless of which baleen plate was selected in 

the oral cavity (Garcia-Vernet et al. 2017). Results of this study, as shown in Fig. 
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34, are consistent with values reported elsewhere in the current literature. 

Consequently, an average of 3.1 years of isotopic data was integrated in the baleen 

plates examined. It is expected that a mature size Bryde’s whale will retain 

approximately 5.1 years of isotopic data from the longest baleen plate if the 

maximum baleen length is 40 cm. 

Within-individual isotopic variations suggest different migration behavior or 

strategies. For example, SUML 0116a through SUML 0116e exhibited a steady 

increase in δ15N with time (Fig. 25). Two possible explanations for this are likely: 

(1) whales undergo intensive feeding but remain in a specific foraging zone for an 

extended period of time, as shown by the constant values in δ13C; and (2) the trend 

does not support seasonal fasting behavior during migration, because if whales are 

travelling, the δ15N values are expected to be oscillating while the δ13C signatures 

are not (Hobson and Schell 1998). Baleen whales are assumed to undergo fasting 

during migration, and during such times their fat reserves (i.e., blubber) are 

metabolized for energy. This catabolic reaction favors the excretion of the lighter 

nitrogen isotope 14N, resulting in an enrichment of the heavier nitrogen isotope 15N, 

commonly referred to as “fasting-15N enrichment” (Hobson et al. 1993; Best and 

Schell 1996). However, findings of Aguilar et al. (2014) refuted this assumption 

when their study found δ15N to decrease during fasting and actually increases as 

intensive feeding resumes, although the study did not discuss the relationship 

between δ15N and δ13C. Matthews and Ferguson (2015) suggested a synchronous 

pattern in carbon and nitrogen isotope values, which was the case for SUML 0116, 
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suggesting continuous foraging even during migration. In contrast, static δ13C 

values with an increase in δ15N can be interpreted as fasting because of the switch 

from prey-derived energy to stored energy sources (Eisenmann et al., 2016). Taking 

into account all the above factors, we suggest that SUML 0116 reflected no fasting 

behavior because the intervals with no change in δ13C values were sequential and 

prolonged (>4 cm equivalent to 6 months at baleen growth rate of 8 cm/yr), which 

is not energetically reasonable for Bryde’s whales. 

The baleen isotopic records indicated that seasonal cyclic oscillation was not well-

defined in the Bryde’s whale samples that were investigated. This phenomenon is 

commonly observed in other baleen whales (e.g., bowhead, sei, and gray whales) 

due to migration of the whales to low latitude habitats during the winter season, 

followed by summer feeding in high latitude foraging zones.  Our data suggest that 

the Bohol Sea Bryde’s whales foraged in the same habitat or region or zone for 

several months/years prior to capture. This is supported by the wide wavelength 

shown in Figures 32 and 33. Therefore, this can be a source of bias in the baleen 

growth estimates because no distinct depletion peak or minima can be observed, yet 

the baleen grows continuously.  

The ratio of 15N is generally thought to be enriched by a factor of 3.4‰ in a 

stepwise manner along each trophic level of a food web (Hobson et al. 1994), but 

this degree of enrichment was not observed in the present study, even for SUML 

0756 which was distinct from the rest of the samples (Fig.31). It is likely that 

Bryde’s whales from the Bohol Sea were not shifting to higher-trophic-level prey 
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enough to register a spike in its δ15N values, despite being a generalist feeder. 

Unlike δ15N, the isotope composition of 13C in a predator is known to be enriched 

by an average of 1‰ relative to its prey (DeNiro and Epstein 1978). Assuming 

these enrichment factors and the mean baleen values of δ13C (-17.06 ± 0.6‰)  and 

δ15N (9.05 ± 0.7 ‰), Bryde’s whales’ prey would have a δ13C value of -18.06 

± 0.6‰ whereas the δ15N value would be 5.65 ± 0.7 ‰ if the animals were 

feeding exclusively on a specific prey species (Fig. 31). 

Low variability in the isotope values of SUML 0756a (δ13Crange = 0.83‰ and 

δ15Nrange = 0.64‰) suggests that this individual was likely a juvenile. Sei whales 

from Chilean waters (Reiss et al. 2018) and fin whales from the Mediterranean Sea 

of known age class (Bentaleb et al. 2011) showed similar patterns among juvenile 

whales. In Figure 30 (top image, SUML 0756a), there is a noticeable sharp drop in 

δ15N at a distance of 4 cm from the distal tip of the plate, which was not observed 

in any other baleen plates examined. Immature individuals have been observed to 

have a maximum 15N ratio near the distal tip whereas mature ones did not (Hobson 

and Schell 1998; Mitani et al. 2006). Based on the above, and given a baleen 

growth rate of ~8 cm/yr, this interval corresponds to a period of 6 months, which is 

also the reported weaning period for Bryde’s whale calves (Kato 2002). The 

decrease in δ15N values also signals the shift in diet from lactation (in which milk is 

high in lipid content) to foraging similar to adult Bryde’s whales. The assumption 

that SUML 0756a is a juvenile may explain why the isotopic compositions of the 
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SUML 0756-series were significantly different from the other individuals tested (F 

(2,41) = 5.28; p = 0.01).  

Isotope signals of δ13C were weak or ill-defined, although the high ranges (> than 

the mean range’s value of 1.3‰) observed in some individuals (SUML 0115, 

SUML 0116c, SUML 0116d, SUML 0117, SUML 0118, SUML 0755, SUML 

0756a and SUML 0756b) suggests a broader foraging area relative to others 

(Bentaleb et al. 2011). The nitrogen isotope dataset was used instead to produce a 

good fit in the GAM modelling, although both datasets were analyzed (Figs. 32-33, 

Tables 9-10). The maxima in δ15N oscillation are assumed to reflect use of a high-

latitude foraging region, whereas the minima correspond to a low-latitude region. 

Therefore, it is possible that individual whales shown in Figure 33 (except SUML 

0117 and SUML 0749c) were foraging in high-latitude regions prior to capture in 

the Bohol Sea. 

It was hypothesized that the Bryde’s whale stable carbon isotope ratio would 

oscillate in a regular cyclic pattern if the animals are migrating in and out of the 

Bohol Sea seasonally. The annual fluctuations in the isotope compositions in 

Bryde’s whale did not display any consistent pattern across years, suggesting that 

the animals utilized broad foraging zones. 
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Chapter 5 

CONCLUSIONS 
 

This dissertation provided an analysis of the research gaps identified in the 

Philippine cetacean research and addressed them through representative studies 

detailed in Chapters 2 to 4.  These investigations lead to the abundance and density 

estimations of four delphinid species, described ultrastructure of baleen bristle to 

aid as a simple taxonomic identifying feature of Bryde’s whale, and presented 

initial findings on the baleen growth rate and foraging habits of Bryde’s whales 

using stable isotopes. 

In line with Aim #1 (population size estimation and spatial distribution), annual and 

total abundances and densities of Risso’s dolphin (Grampus griseus), Fraser’s 

dolphin (Lagenodelphis hosei), melon-headed whale (Peponocephala electra), and 

long-snouted spinner dolphins (Stenella longirostris) for five survey years have 

been estimated, which serves as baseline information to assess the conservation 

status of these four oceanic species. Covariates such as sea state condition did not 

significantly improve the model fit, probably because a threshold of Beaufort 3 

have been set for this study. The power analysis showed that a rate of decline (3-

20%) per year in the population size can only be detected with multiple surveys per 

year for a span of five decades. Considerable resources (i.e., manpower, funding, 

legislative support from the government) are needed to sustain this monitoring 

scheme, which is always a limiting factor mostly in developing countries like the 
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Philippines. Another approach to consider is the PBR (Potential Biological 

Removal) value, which can be monitored through responsible citizen science 

program. Aside from trained marine mammal researchers, the existing dolphin and 

whale watching tour operators can be strengthened to assist in the regular 

monitoring of species composition and distribution. The participation can be 

integrated in the tour operation policy, or as part of tour operation license renewals. 

Aim #2 (micro-patterns in whale bristles) is an effort in describing the morphology 

of the baleen bristles from Bryde’s whales at a microscopic level. Knowing that the 

taxonomy of Bryde’s whales remains unclear, this chapter looked at micro-patterns 

visible on the outer layer of the baleen bristles using the scanning electron 

microscope to serve as a key feature to simplify species identification. This 

technique has not been well-utilized for Bryde’s whales and images produced have 

confirmed some characteristics reported in one other study. Examination of the 

bristle samples found a dominant oval-shaped spot pattern that was present 

throughout the bristle. This pattern has not been reported in other baleen species, 

which appears to make it unique to Bryde’s whale. Although results are preliminary 

because no physical reference material has been used for comparison, this work 

points towards establishing alternate methods to distinguish whale species.  

Aim #3 (profiles of δ13C and δ15N of baleen plates) delved heavily on stable isotope 

analysis using baleen plates of Bryde’s whales captured in the Bohol Sea whale 

fishery. Analyses showed variations among unique individual plates and 

consistency of δ13C and δ15N values on baleen plates taken from the same whale. 
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The oscillations of δ13C and δ15N values were not as prominent as other migratory 

whales yet it showed periods of constant feeding in a specific zone and seemingly 

does not undergo fasting during migration. The stable carbon ratio is often used to 

estimate baleen growth rate, however, in this study the ratio was not as discernable 

as the stable nitrogen ratio. Therefore, δ15N values were used as proxies and using 

GAM modelling, baleen growth rate for Bryde’s whale has been estimated for the 

first time. Synthesis of electron microscopy and stable isotopes data supports the 

hypothesis that SUML 0756a is an immature, likely a juvenile, Bryde’s whale. This 

illustrates the utility of both methods which can provide reliable insights to 

foraging habits in relation to ontogenesis of Bryde’s whale. 

Although no potential prey species have been analyzed for stable isotopes in this 

study, secondary information from published literature was used for comparison. 

An attempt to describe the δ13C and δ15N values of the potential prey of Bryde’s 

whale was made which can be used to verify once prey species have been collected 

and analyzed for stable carbon and nitrogen ratios. 

The research studies included in this dissertation are a step closer to bridging the 

research gaps identified in chapter 1. The stable isotope and electron microscopy 

methods have not been used previously to study the Bohol Sea Bryde’s whales. 

This work therefore increases our understanding of the ecology of migratory 

marine mammals particularly when combined with other techniques such as real-

time tracking of individual animals.   
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