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ABSTRACT

The fin whale is one of the most common mysticetes inhabiting the North Atlantic and,
as most baleen whales, undertakes annual migrations alternating high-latitude summer
feeding grounds with low-latitude winter breeding grounds. Most of the information about
the fin whale is collected during summer periods, when this species aggregates to feed.
However, once the fin whale starts its migration and departs from the feeding grounds,
there is an important gap of knowledge involving its migratory strategy, diet, and
population structure. The main objective of this thesis is to expand the knowledge about
the fin whale biology and ecology, focusing on the Icelandic fin whale population. To this
aim, "N, 3'3C and &**S values were determined in skin and baleen plate samples, to
obtain information about fin whale trophic ecology and migratory patterns. Also, DNA
methylation was analyzed in skin samples of Icelandic and Spanish fin whales, to better
understand the differentiation between both populations, and to also test the use of
methylation levels to determine age of individuals. Results highlight that Icelandic fin
whales strongly rely on krill during summer. In addition, a significant overlap of isotopic
niches was detected between fin and blue whales. This interspecific competition may be
mitigated by some degree of spatio-temporal segregation in the lcelandic waters,
reflected in the 3%*S values of both species. The information provided by the stable
isotopes analyzed in baleen plates showed that most fin whales perform annual
migrations, which were also reflected in their 33S values. 8'°N values showed high inter-
individual variability, suggesting that fin whales disperse during winter. However, we
found some pairs of individuals with no kinship showing nearly identical isotopic patterns
for two consecutive years, indicating of long-term association. Finally, methylation
analyses showed that three genes presented age-related variation, but these results did
not allow to perform accurate epigenetic age estimations. In addition, fin whale
populations from Iceland and Spain exhibited differentially methylated regions
throughout their epigenomes. A considerable number of the genes associated to these
regions were related to the circadian clock or other characteristics related to migration,
probably reflecting differential migrations between individuals of both populations.
Overall, results of this thesis contribute to better understand the behavior, ecology and

population structure of the North Atlantic fin whale.
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INTRODUCCION

Marco general de la tesis

El rorcual comun (Balaenoptera physalus) es una especie cosmopolita, y una de las
ballenas mas abundantes del Atlantico Norte. Al igual que otros misticetos, efectua
migraciones estacionales que alternan latitudes altas y productivas en verano, donde se
concentran un gran numero de individuos, con latitudes bajas y menos productivas en
invierno. Aprovechando las agrupaciones que suceden en verano, el rorcual comun fue
vastamente explotado por la industria ballenera en las zonas de alimentacion, hasta que

entro en vigor la moratoria en el afio 1985.

A pesar de su explotacion historica y su relativa abundancia en el Atlantico norte, siguen
existiendo multitud de incéognitas, especialmente relacionadas con su ecologia y
comportamiento fuera de las zonas de alimentacién. En esta tesis se pretenden resolver
algunas de las preguntas que existen entorno a esta especie, que seran planteadas a
lo largo de la seccion de Introduccion y posteriormente redefinidas en la seccion de
Objetivos. Para ello se focalizara el andlisis en la poblacion de rorcual comun de
Islandia, y se utilizaran principalmente analisis quimicos (analisis de isétopos estables)
y analisis genéticos (principalmente analisis de los patrones de metilacion del ADN) para

tratar de resolver algunas de estas incoégnitas.

1. El rorcual comun

1.1. Los rorcuales. Contexto taxonémico general

Los misticetos, cominmente conocidos como ballenas barbadas, son uno de los dos
subdrdenes de los cetaceos existentes en la actualidad. Todas las especies
comprendidas dentro de este suborden se caracterizan principalmente por la ausencia
de dientes funcionales. Estos han sido reemplazados por unas estructuras queratinosas,
comunmente conocidas como barbas, que cuelgan de la encia de la mandibula superior
y permiten la filtracion de pequefos organismos presentes en la columna de agua
(Bannister, 2018).

Las relaciones filogenéticas existentes entre las especies comprendidas dentro del
suborden de los misticetos, asi como su clasificacién taxondmica, han sido sujeto de
estudio a lo largo de los ultimos afios, presentando ciertas discordancias segun la

metodologia utilizada (Arnason et al. 2004, Mc Gowen et al. 2009, Steeman et al. 2009,



Marx and Fordyce 2015, Arnason et al. 2018). Actualmente, dentro del suborden de los

misticetos se reconocen 4 familias distintas, establecidas a partir del analisis de

caracteristicas anatomicas (Bannister, 2018):

i)

ii)

iv)

Balaenidae, que incluye dos géneros: Balaena, con una Unica especie (la
ballena de Groenlandia, Balaena mysticetus), y Eubalaena, con tres especies
distintas comunmente conocidas como ballenas francas.

Neobalenidae, que incluye a la ballena franca pigmea (Caperea marginata).
Eschrichtiidae, que incluye a la ballena gris (Eschrichtius robustus).
Balaenopteridae, que incluye dos géneros: Megaptera, con una Unica
especie representante (la ballena jorobada, Megaptera novaeangliae), y

Balaenoptera.
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Figura 1: Filogenia adaptada de Arnason et al. 2018, construida a partir de datos
genomicos. Aunque se trata de una de las filogenias mas robustas, no se incluyen datos
de la familia Neobalenidae ni de algunas especies de rorcuales. Los colores muestran
las distintas familias y géneros: en verde, la familia Balaenidae; en amarillo, la familia
Eschrichtiidae; en rojo, el género Megaptera; y finalmente en azul, el género
Balaenoptera. Las figuras de cada una de las especies han sido obtenidas de la pagina
web de la NOAA.



En general, las ultimas filogenias apuntan a que la divergencia de la familia
Balaenopteridae, que incluye los géneros Balaenoptera y Megaptera, se produjo hace
10 — 15 millones de afos (Mc Gowen et al. 2009, Arnason et al. 2018, McGowen et al.
2020). Las especies comprendidas dentro del género Balaenoptera son las que se
conocen comunmente como rorcuales, dada su morfologia estilizada y los pliegues
presentes en la garganta (Bannister, 2018). Aunque actualmente este género
comprende 8 especies, este numero podria cambiar en los préximos afios debido a la
inclusion de nuevas especies (Wada et al. 2003, Rosel et al. 2021), asi como a la
reasignacion taxondmica de especies ya existentes (Arnason et al. 2018, McGowen et
al. 2020).

De manera contraintuitiva, y a pesar de las claras diferencias morfoldgicas, la mayoria
de los analisis moleculares, realizados tanto con marcadores nucleares como con
marcadores mitocondriales, resuelven de manera robusta que la especie mas proxima
al rorcual comun (Balaenoptera physalus) es la ballena jorobada (Sasaki et al. 2005,
Slater et al. 2010, Mc Gowen et al. 2009, Arnason et al. 2018), convirtiendo el género
Balaenoptera en parafilético. Asi mismo, la familia Balaenopteridae también podria ser
parafilética, ya que filogenias recientes sitian a la ballena gris (familia Eschrichtiidae)

dentro de este grupo (Figura 1, Arnason et al. 2018, McGowen et al. 2020).

1.2. El rorcual comun, ciclo reproductivo y migraciones

El rorcual comun (Balaenoptera physalus) es una de las especies reconocidas
actualmente dentro del género Balaenoptera. Es un cetaceo cosmopolita (Edwards et

al. 2015), aunque mayoritariamente se localiza en aguas templadas o frias.

Se trata de una especie longeva, habiéndose descrito individuos de hasta 80 — 90 afios
(Aguilar and Garcia-Vernet, 2018). Alcanza la madurez sexual alrededor de los 6 — 8
afos, y el maximo tamano corporal a los 9 — 13 anos, siendo las hembras algo mas
tardias y grandes que los machos (Aguilar and Lockyer, 1987). El ciclo reproductivo es
bianual, y como se vera posteriormente, esta estrechamente vinculado a las migraciones
y movimientos estacionales que ocurren en esta especie. El periodo de apareamiento
es en invierno, y la gestacion suele durar alrededor de 11 meses, generalmente dando
a luz a una sola cria (Aguilar and Garcia-Vernet 2018, Mizroch et al. 1984). El periodo
de lactancia dura unos 6-7 meses, y durante éste se establece una fuerte relacion entre
madre y cria, que es considerada el unico vinculo social que ocurre en esta especie

(Aguilar and Garcia-Vernet 2018). Este vinculo se rompe cuando se produce el destete



y la cria comienza a alimentarse de forma independiente, tras lo cual la hembra tendra

una fase de reposo de 6 meses hasta el siguiente periodo de reproduccion.

Las migraciones se construyen alrededor de este ciclo reproductivo. Como en otras
especies de ballenas, la mayoria de los individuos de rorcual comun parecen efectuar
migraciones estacionales, alternando latitudes altas y productivas en verano con
latitudes mas bajas y menos productivas en invierno (Lockyer and Brown 1981). Tanto
la copula como el parto, que se producen en invierno, ocurrirdn en zonas de aguas
calmadas y templadas, mientras que el destete ocurrira en las zonas productivas, donde
la cria podra comenzar a alimentarse de manera auténoma (Figura 2). Ademas de esto,
la cria efectuard su primera migracion acompafada por su madre, dandole la
oportunidad de aprender no solamente las zonas de alimentacién y reproduccion, sino

también las rutas migratorias (Whitehead and Rendell 2015).
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Figura 2: Ciclo reproductor arquetipico de las ballenas. La concepcion se produce
durante el invierno y, tras 11 meses, se produce el parto. El periodo de lactancia ocurre
principalmente en latitudes bajas. La migracion de las hembras lactantes acompariadas
por crias es mas lenta que la de las hembras gestantes o en reposo. Finalmente, el
destete se produce en verano, en las zonas de alimentacion. Figura adaptada para esta
tesis, a partir de Lockyer and Brown 1981, Bannister 2018.

Aunque queda patente la importancia que tienen las migraciones dentro del ciclo

reproductivo de las ballenas, la falta de informacién resulta abrumadora. Dentro de la



familia Balaenopteridae, la mayoria de los estudios se han centrado en la ballena

jorobada, que parece que cumple el arquetipo de migracién previamente descrito.

En la ballena jorobada, los individuos se agrupan tanto en verano, en las zonas de
alimentacion, como en invierno, en las zonas de reproduccién y cria, y basandose en
estas ultimas se han podido delimitar e identificar poblaciones (Bettridge 2015, Clapham
2018). Ademas, distintos estudios genéticos han evidenciado que las ballenas jorobadas
muestran una fuerte fidelidad a las zonas de alimentacién y reproduccion de la madre,
demostrando asi que, en esta especie, la transmisién cultural configura la estructura
poblacional (Baker et al. 2013, Barendse et al. 2013, Richard et al. 2018).

Al igual que las ballenas jorobadas, la mayoria de las especies del género Balaenoptera
también se agrupan durante las épocas de verano, en zonas productivas de latitudes
altas. Sin embargo, en las migraciones estacionales muestran una variabilidad
interindividual mucho mayor (ver por ejemplo Lydersen et al. 2020), y se ha sugerido
que los individuos puedan estar dispersandose durante el invierno (Mackintosh 1966,
Payne and Webb 1971, Whitehead and Rendell 2015). Esta escasa agrupacion en las
zonas de reproduccion dificulta mucho el estudio de estas especies, asi como la
inferencia de su estructura poblacional, provocando que exista poca informacion mas

alla de la recopilada en las zonas de alimentacion.

1.3. Estructura poblacional del rorcual en el Atlantico Norte

El rorcual comun era una de las ballenas mas abundantes del Atlantico norte, y a partir
de finales del siglo XIX fue una de las especies objetivo de la caza comercial junto con
otras especies de grandes cetaceos (Clapham and Baker 2018). Aunque el nimero de
capturas no fue tan dramatico como en el hemisferio sur, en el Atlantico Norte se
concentraron un gran numero de explotaciones, hasta que en el afo 1985 entré en vigor

la moratoria establecida por la “International Whaling Commission” (IWC).

A diferencia de otras especies cercanas, como por ejemplo la ballena azul, el rorcual
comun parece estarse recuperando de la explotacion ballenera (Vikingsson et al. 2009,
Tomas et al. 2016, Cook 2018a). Actualmente se estima que la poblacién en el Atlantico
norte es de alrededor de unos 79.000 individuos (Cook 2018b). Esta cifra no incluye las
costas irlandesas ni el mar Mediterraneo, cuya poblacién de rorcuales comunes podria
rondar los 3500 individuos (Forcada et al. 1996, Reeves and Notarbartolo di Sciara
2006).



A pesar de estas tendencias al alza, cabe destacar que la recuperacion del rorcual
comun no ha sido homogénea en todo el océano. Por ejemplo, a principios del siglo XX
se explotd y erradicd una poblacién aparentemente residente del estrecho de Gibraltar
(Sanpera and Aguilar 1992). Aun con el cese de la caza y la subsecuente recuperacion
en el resto del Atlantico, la poblacion del estrecho de Gibraltar parece estar virtualmente
extinta, y no se ha producido una reocupacion de la zona (Clapham et al. 2008). Estas
recuperaciones asimétricas, tanto entre especies como entre poblaciones, dibujan un
escenario complejo afectado tanto por la ecologia como por la estructura poblacional y

la transmisioén cultural de las especies afectadas.
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Figura 3: Los 7 stocks reconocidos en el Atlantico norte, que delimitan las distintas
zonas de alimentacion. EC= Este de Canada + Este USA; WG= Oeste de Groenlandia;
EG= Este de Groenlandia; WI = Oeste de Islandia; El + F = Este de Islandia + Islas
Feroe; N= Noruega; Sp= Espafia. Figura extraida de IWC (2009).

La estructura poblacional del rorcual comun ha sido sujeto de interés desde los inicios
de la IWC. Basandose principalmente en las capturas de las explotaciones balleneras
(Donovan 1991), junto con estudios genéticos (revisado en Pampoulie and Danielsdottir
2013), marcajes (revisado en IWC 2009) y otras fuentes de datos (por ejemplo, Jover
1992, Vikingsson et al 2005), la IWC delimité 7 stocks en el Atlantico Norte (IWC 2009,

Figura 3). Estos stocks reflejan principalmente la separacion entre las distintas zonas de



alimentacion que explota el rorcual comun durante el verano. Sin embargo, la mayoria
de los estudios disponibles no proporcionan apenas informacion sobre la estructura
poblacional en las zonas de reproduccion, ocupadas durante el invierno (IWC 2009). En
ese mismo informe, la IWC sugiere diversas hipotesis sobre las zonas de reproduccion,

siendo la mas factible la existencia de 4 stocks reproductivos (Figura 4).

E. Canada 0. Groenlandia | E. Groenlandia 0. Islandia E.Islandia + Noruega Espafia

(EC) (WG) (EG) (W) (Effﬁ) (N) (Sp)

r 3 F N N - -
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@H@Q—}@ @ @ Reproduccién

Figura 4: Los 7 stocks reconocidos en el Atlantico norte, que delimitan las distintas
zonas de alimentacion, con una de sus posibles agrupaciones en la época reproductiva.
Al contrario que los stocks de alimentacion, la composicion de la mayoria de los stocks
de reproduccion esta poco respaldada. Las siglas de las zonas de alimentacion
corresponden a: EC= Este de Canada + Este USA; WG= Oeste de Groenlandia; EG=
Este de Groenlandia; WI = Oeste de Islandia; El + F = Este de Islandia + Islas Feroe;
N= Noruega; Sp= Espafia. Las siglas de las zonas de reproduccién corresponden a: W=
stock oeste; C= stock central (dividido en tres substocks); E= stock este; S= stock de
Espana. Figura extraida de IWC (2009).

2. Islandia

2.1. Ballenas en Islandia

Islandia se localiza en el Atlantico Norte, formando parte de la dorsal Mesoatantica. La
isla estd rodeada de una plataforma continental de mas de 100.000 km?2, cuya
profundidad varia entre los 200 y 500 metros (Simonarson et al. 2020). Las corrientes
marinas que la rodean son complejas: por un lado, recibe aportes de agua relativamente
caliente y salina de la corriente de Irminger; por otro lado, recibe agua polar, fria y baja
en salinidad de las corrientes del Este de Groenlandia y del Este de Islandia
(Simonarson et al. 2020, Figura 5). Las interacciones entre estas corrientes y su
variacién anual, relacionada con el deshielo y los cambios de temperatura, estan
estrechamente vinculadas con las altas concentraciones de clorofila que encontramos

en aguas islandesas.
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Figura 5: Circulaciéon oceanica que afecta a las aguas islandesas. En rojo puedes
apreciarse las corrientes mas calidas que proceden del Atlantico norte, mientras que en
azul se indican las corrientes mas frias procedentes del polo. Mapa extraido de
Simonarson et al. (2020).

El ciclo anual de clorofila en Islandia presenta un pico pronunciado en primavera, que
se produce a principios de abril en el norte de la isla y a mediados de mayo en el sur
(Zhai et al. 2012). Estos picos de produccion primaria convierten las aguas islandesas
en zonas ricas, atrayendo a sus aguas distintas especies de ballenas. En Islandia
podemos encontrar cinco de las especies que conforman la familia Balaenopteridae: la
ballena azul (Balaenoptera musculus), el rorcual comun, el rorcual boreal (Balaenoptera

borealis), el rorcual aliblanco (Balaenoptera acutorostrata) y la ballena jorobada.

Aunque los tiempos de llegada y permanencia en las aguas islandesas pueden variar

ligeramente segun la especie, el pico de abundancia de todas ellas oscila entre junio y
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agosto (Sigurjonsson and Vikingsson 1997). Afadido a esta coincidencia temporal, las
necesidades ecoldgicas de todas ellas son bastante similares, lo que deberia implicar
algun grado de competicion interespecifica (Mori and Butterworth 2006). Por tanto,
resulta intrigante como estas cinco especies son capaces de coexistir en las mismas

aguas y repartirse los recursos disponibles, evitando asi la competencia exclusiva.

Actualmente existen estudios detallados sobre la dieta en Islandia de las especies que
han sido explotadas comercialmente en los ultimos afos: el rorcual comun (Vikingsson
1997) y el rorcual aliblanco (Vikingsson et al. 2015). Sin embargo, para el resto de las
especies la informacion es mucho mas escasa, y esta basada en estudios realizados en
otras zonas (ver por ejemplo Gavrilchuk et al. 2014, Wright et al. 2016) o a raiz de
observar asociaciones recurrentes entre depredador y presa (Pike et al. 2002, Pike et
al. 2019). Ademas de esto, en las ultimas décadas el calentamiento global ha afectado
al ecosistema oceanico de Islandia (ver por ejemplo Valdimarsson et al. 2012), alterando
la distribucién y abundancia de numerosas presas que forman parte de la dieta de las
ballenas (Stefansdottir et al. 2010, Vikingsson et al. 2014). Por tanto, conocer qué
recursos explota cada una de las especies es esencial para poder predecir como se

veran afectadas por los futuros cambios en el ecosistema.

2.2. Rorcual comun en Islandia

De entre todas las especies de balaenoptéridos que ocupan las aguas de Islandia, el
rorcual comun es la que se suele avistar con mayor frecuencia (Pike et al. 2019). Es
mas abundante en la regién oeste (stock “WI”, con algunos posibles individuos del stock
colindante “EG”, Figura 3) que en la region este (stock “El + F”, Figura 3), y durante las
ultimas décadas, se ha detectado un aumento en el niumero de rorcuales avistados en
ambas regiones (Vikingsson et al. 2009, Pike et al. 2019). Aunque se ha especulado
con un posible cambio en la distribucion, que podria haber desplazado a los rorcuales
hacia zonas mas nortefas, la opcion mas aceptada es que en los ultimos anos se ha
producido un aumento generalizado del rorcual comun en el Atlantico Norte (Pike et al.
2019).

Como ocurre en el resto del Atlantico Norte, la mayoria de informaciéon que se tiene
sobre los rorcuales de los stocks islandeses se basan en los datos recopilados durante
los meses de verano. Los contenidos estomacales de rorcuales capturados en el oeste
de Islandia muestran que su presa principal son los eufausiacedos, conocidos de forma
genérica como krill. En concreto, casi toda su dieta se basa en la especie de krill

predominante en la zona, Meganyctiphanes norvegica (Vikingsson 1997), al igual que

11



sucede en la mayoria de los stocks del Atlantico norte (Jonsgard 1966, Aguilar 1985,
Aguilar and Garcia-Vernet 2018). En otras zonas también consume ocasionalmente
otras especies, como por ejemplo Thysanoessa inermis (Jonsgard 1996), aunque en

Islandia parece que el consumo de T. inermis es marginal (Vikingsson 1997).

Durante las temporadas en las cuales la abundancia de eufausiacedos decae, el rorcual
comun también puede alimentarse de bancos de peces, y principalmente ha sido
asociado a bancos de capelan (Mallotus villosus) y de arenque (Clupea arengus) en las
costas noruegas (Christensen et al. 1992). En Islandia se ha identificado pescado en los
estomagos de algunos individuos, y se infiere que en esta region el consumo de peces
es ocasional y constituye menos de un 5% de la dieta (Vikingsson 1997, Arregui et al.
2018). Generalmente, el aumento de consumo de pescado parece producirse durante

el otofo, la primavera y, posiblemente, el invierno (Christensen et al. 1992, Rita 2021).

A diferencia de la dieta, la conectividad con el resto de los stocks del Atlantico Norte no
esta bien definida. Las hipotesis sobre las zonas de reproduccién consideradas por la
IWC barajan distintos niveles de mezcla entre los stocks existentes en el Atlantico Norte
(IWC 2009). La unica premisa consistente en todas las hipotesis es que el stock de
Espana (Sp) esta formado por una uUnica subpoblacion, que se reproduciria en zonas
distintas a las del resto de stocks del Atlantico Norte, incluidos los rorcuales de Islandia
(IWC 2009). Este aislamiento entre los rorcuales de Islandia y Espafa ha sido
respaldado por andlisis de isétopos (Vighi et al. 2016), morfolégicos (Jover 1992) y de
metales pesados (Sanpera et al. 1996), entre otros. Sin embargo, los analisis genéticos

realizados hasta la fecha no han sido concluyentes (ver por ejemplo Berubé et al. 1998).

Las zonas de invernada y los patrones migratorios que siguen los rorcuales del stock
islandés también son desconocidos. El marcaje satelital ha demostrado que algunos
individuos que se alimentan en las Azores durante la primavera se desplazan
posteriormente a las zonas de alimentacion localizadas en el oeste de Islandia y el este
de Groenlandia (Silva et al. 2013). Hasta la fecha, este es uno de los pocos corredores
migratorios que se ha identificado en el Atlantico norte para esta especie, y relaciona
claramente los individuos que ocupan las costas de Azores durante la primavera con los
que veranean en las costas de Islandia. Ademas de esto, recientemente se han marcado
satelitalmente individuos que veranean en las islas de Svalvard. Los registros muestras
una dispersion considerable al llegar la migracién otoAal: algunos individuos
permanecieron en las islas Svalvard, mientras que otros realizaron migraciones

latitudinales considerables. En concreto, se localizé una potencial area de reproduccion
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e invernada para la poblacién noruega, situada en las costas de Portugal (Lydersen et

al. 2020), zona asociada tradicionalmente al stock espanol (IWC 2009).

Este ultimo estudio evidencia por tanto algunos puntos importantes. En primer lugar, es
probable que algunos individuos se mantengan en altas latitudes durante el invierno,
algo que también parece suceder en la poblacién de Islandia (Gunnlaugsson and
Vikingsson 2014). En segundo lugar, sugiere una ocupacion secuencial de zonas
asociadas tradicionalmente a otro stock, algo también sugerido en otros estudios (Silva
et al. 2019, Gauffier et al. 2020). Todos estos resultados complican mas aun si cabe un
complejo escenario dificil de resolver, que necesita de herramientas y estrategias

especificas para lograr responder cuestiones concretas.

3. Marcadores quimicos. Los iso6topos estables

3.1. Isétopos estables. Contexto general

Los isétopos son los distintos atomos de un mismo elemento quimico, con un mismo
numero de protones pero diferente nimero de neutrones, lo que les confiere una masa
distinta. En concreto, los is6topos estables son aquellos que tienen nucleos estables,
por lo que no se desintegran con el paso del tiempo como ocurre con los is6topos

radioactivos (Hoefs 2018).

La mayoria de los elementos con un interés bioldgico presentan dos (o mas) isétopos
estables, aunque en general uno de los is6topos es mucho mas abundante que el resto
de formas. La abundancia relativa de cada uno de los isétopos de un elemento varia
ligeramente segun algunos factores predecibles, y esto permite su aplicacién en
multiples campos de estudio, incluido el campo de la ecologia. En una muestra, esta
abundancia relativa se cuantifica como la ratio del is6topo pesado respecto al ligero,

dividido por la misma proporcién cuantificada en una muestra estandar. Es decir:

R ( IE / ]E) Muestra  _ 1
R ( IE / ]E) Estandar

§'E

Muestra

Donde R(iE /jE) son las ratios entre el isétopo pesado (i) y el isétopo ligero (j) del
elemento E, tanto para la muestra que se analiza como para un estandar de referencia.
Al resultado obtenido nos referiremos como valores delta y/o ratio de isétopos del

elemento en cuestion (Coplen 2011).
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En el campo de la ecologia sin duda los isétopos mas aplicados son los del nitrégeno
(8'N) y el carbono (8'3C), aunque en los ultimos afios el uso de los is6topos de azufre
(6%48S), oxigeno (8'80) e hidrogeno (dD) también ha aumentado notablemente. Al igual
que otros compuestos quimicos, los isétopos estables pueden ser medidos en multiples
organismos Yy tejidos, y son utilizados para inferir datos de la biologia del animal, tales

como la dieta o el habitat (Boecklen et al. 2011, Ramos and Gonzalez-Solis 2012).

La eleccion del tejido a analizar resulta de gran importancia durante el disefio
experimental, ya que dependiendo de la tasa de recambio del tejido la informacion
proporcionada por los isotopos sera distinta. Por ejemplo, en tejidos de renovacion
rapida, como puede ser el plasma sanguineo o el higado, los is6topos estables
proporcionan informacion sobre los dias previos al muestreo (Ramos and Gonzalez-
Solis 2012, Vander Zanden et al. 2015). En el otro extremo encontramos tejidos con
tasas de renovacion muy lentas, como por ejemplo el hueso, que integra escalas
temporales largas, del orden de anos (Riofrio-Lazo and Aurioles-Gamboa 2013). Entre
medio encontramos otros tejidos, como el musculo y la piel, que integran una escala
temporal del orden de semanas / meses (Giménez et al. 2016, Busquets-Vass et al.
2017). Finalmente tenemos un ultimo tipo de tejidos en los cuales no se produce
recambio isotopico, ya que son bioldégicamente inertes y mantienen su composicion
quimica una vez han sido sintetizados. Dentro de esta categoria encontramos los tejidos
queratinosos, como el pelo, las ufas y las barbas de ballena. En estos tejidos se produce
también un crecimiento continuo y secuencial, por lo que guardaran un registro
cronoldgico de los movimientos y los cambios de dieta del animal (Ramos and Gonzalez-
Solis 2012).

3.2. Isétopos de nitrégeno y carbono

La principal aplicacién de los is6topos de nitrdgeno se basa en su relacion con el nivel
tréfico (Kelly 2000). La ratio de '®N/'*N aumenta de manera predecible con el nivel
trofico, debido principalmente a la excrecién preferente del isétopo ligero a través de la
orina (Peterson and Fry 1987). Este tipo de procesos, en los que una reaccion
enzimatica selecciona como sustrato preferente a un isétopo concreto, dan lugar a un
fraccionamiento isotépico, que en este caso concreto acabard generando una
discriminacion tréfica entre depredador y presa. Esto supone que los valores &'°N
aumentan entre un 2 - 4%0 por cada nivel tréfico, aunque el incremento puede variar
segun el organismo y el tejido analizado (Kelly 2000, Caut et al. 2008). En cetaceos se

ha determinado la discriminacion trofica para delfines mulares (ver por ejemplo Gimenez
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et al. 2016), orcas (Caut et al. 2010), rorcual comun (Borrell et al. 2012) y ballena azul
(Vander Zander et al. 2014), aunque los tejidos analizados dependen del estudio. A
nivel oceanico también encontramos importantes cambios geograficos, especialmente
a nivel latitudinal. Por ejemplo, el Atlantico norte presenta valores mas elevados de 5'°N
en latitudes altas que en latitudes bajas (McMahon et al. 2013, Figura 6), por lo que los
isotopos de nitrdgeno servirian no solamente para estudiar la ecologia tréfica de los

animales, sino también sus movimientos a escala oceanica.

S13CpLK (%) S1SNpLK (%o)
40 313 3% 9985 6 178 15 O 2 4 6 8 10 12
[ e o R TR

90°W 60°W 30°W 0° 90°W 60°W 30°W 0°

Figura 6: Variaciéon espacial de los valores de 0'3C (izquierda) y 6'°N (derecha)
analizados en fitoplancton del Atlantico. Notese que en el Atlantico norte la variacion de
los valores de 6'°C es menos acusada que la variacion de los valores de &6'°N. Figura
extraida de McMahon et al. (2013).

En el caso del carbono, la discriminacion tréfica de la ratio de '3C/'2C es mucho menor
que la del nitrégeno, lo que provoca que no se emplee de forma directa para inferir el
nivel trofico de los depredadores. Sin embargo, encontramos un fuerte fraccionamiento
isotopico durante los procesos de fijacion del carbono, que provoca que las plantas C3,

las plantas C4 y el fitoplancton tengan valores de 3'C distintos (Kelly 2000). Esta
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caracteristica permite diferenciar los ambientes costeros y/o bentdnicos de los
ambientes pelagicos y alejados de la costa, teniendo estos ultimos valores mas bajos
de 8"C (Hobson 1987, Hobson et al. 1994). Ademas de esto, al igual que con el valor
de 6'°N, también encontramos cambios latitudinales a nivel oceanico. En el Atlantico
norte, esta variacion latitudinal es menos acusada que para los valores de 8N, y
encontramos valores inferiores de 3'C en las zonas de latitudes altas que en las
latitudes bajas (McMahon et al. 2013, Figura 6).

Finalmente, destacar que otros factores fisiolégicos, como las condiciones de ayuno,
(Hobson et al. 1993, Polischuk et al. 2001), también podrian ocasionar cambios en la
senal isotdpica del nitrégeno y el carbono. Sin embargo, estos efectos no parecen estar
tan claros en misticetos, en los que parece que ni las condiciones de ayuno ni el estado
reproductivo afectan a de manera significativa la sefial isotopica (Aguilar et al. 2014,
Borrell et al. 2016)

3.3. Isétopos de azufre

En muchos casos, el analisis de otros isotopos estables puede complementar la
informacién proporcionada por los is6topos de carbono y nitrogeno. Uno de los mas

utilizados actualmente son los is6topos de azufre.

A escala oceanica, los valores de %S son relativamente homogéneos (Rees et al.
1978). Sin embargo, al igual que sucede con los is6topos de carbono, los valores 534S
del fitoplancton son significativamente distintos a los valores de las plantas terrestres
(Lott et al. 2003). Esto provoca que hasta ahora la mayoria de las aplicaciones del azufre
en los mamiferos marinos se centran en diferenciar habitats costeros de habitats
situados en mar abierto, en lugar de usarse para determinar movimientos a escala
oceanica (Nino-Torres et al. 2006; MacAvoy et al. 2015; Borrell et al. 2021).

En general, se considera que la discriminacién tréfica para los isétopos de azufre es
negligible (ver por ejemplo Krajcarz et al. 2019), por lo que de entrada su interpretacion
deberia ser mas sencilla que para el nitrégeno y el carbono. Sin embargo, recientemente
se ha cuestionado si la discriminacion trofica del azufre es tan negligible como se asume
generalmente (McCutchan et al. 2003). Estas dudas se han visto reforzadas en ballenas,
donde al analizarse barbas de distintos individuos de ballenas de Groenlandia (Balaena
mysticetus) se encontré una correlacion consistente entre los valores delta del nitrégeno
y del azufre (Matthews and Ferguson 2015). Asi pues, aunque el azufre es de entrada

una herramienta prometedora para perfilar los resultados obtenidos con el nitrégeno y
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el carbono, estos puntos podrian implicar una dificultad extra a la hora de interpretar sus

resultados.

4. Marcadores moleculares. Metilacion

4.1. Genética aplicada para el estudio del rorcual comun

Los analisis genéticos han sido ampliamente utilizados para analizar muestras de
mamiferos marinos. Los objetivos de estos estudios son muy diversos, y abarcan desde
temas taxonémicos y de estructura poblacional (por ejemplo, Arnason et al. 2018), hasta
temas relacionados con la adaptacion al medio marino (ver por ejemplo Hyung-Soon et
al. 2014). En el caso del rorcual comun, la gran mayoria de los estudios se han centrado
en tratar de resolver las incognitas existentes respecto a su organizacion taxonémica y

su estructura poblacional.

En general, los estudios genéticos han resultado utiles para resolver las relaciones
existentes con especies proximas, mas alla de las similitudes morfolégicas (Arnason et
al. 2018, McGowen et al. 2020). Sin embargo, los analisis filogenéticos focalizados en
el rorcual comun han generado mas discusion, obteniendo resultados distintos segun el
numero de muestras analizadas y abriendo el debate de si es necesaria una revision
taxondmica de la especie (Archer et al. 2013, Cabrera et al. 2019). Si a escala mundial
ya se han obtenido resultados dispares, lograr determinar la estructura poblacional
dentro de un solo océano ha resultado todavia mas complicado. En general todas las
muestras son tomadas en las zonas de alimentacion, en las cuales podrian estarse
agrupando rorcuales procedentes de distintas zonas de reproduccién, dificultando aun

mas si cabe la interpretacion de los resultados (Berubé et al. 1998).

En el Atlantico norte se han realizado multitud de estudios, utilizando diversos
marcadores genéticos (revisado en Pampoulie and Danielsdottir 2013), y en general se
ha visto que a nivel de secuencia de ADN no se aprecia una estructuracion poblacional
clara. Algunos estudios se han basado en secuenciar y analizar loci no neutrales, es
decir, sujetos a una presion selectiva (Olsen et al. 2014), mientras que otros se han
basado en loci neutrales, como ciertas regiones mitocondriales o microsatélites (Berubé
et al. 1998). En todos los casos se obtuvieron bajos niveles de diferenciacion genética
entre los stocks del Atlantico norte, con excepcién de la poblaciéon Mediterranea (Palsboll
et al. 2004, Berubé et al. 2006, Pampoulie and Danielsdottir 2013). Asi pues, resulta
evidente la necesidad de nuevas estrategias y marcadores moleculares para tratar de

discernir las posibles diferencias existentes entre los stocks del Atlantico norte.
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Finalmente, cabe destacar el uso de marcadores moleculares para determinar el grado
de parentesco entre individuos. Esta metodologia fue aplicada por primera vez en
ballenas de Islandia por Skaug et al. (2006), obteniendo una serie de resultados
preliminares a partir de los cuales se delimitaron a grandes rasgos las bases teodricas de
este método. El sistema mas empleado hasta la fecha es la puntuacion LOD (LOD
score), que se calcula a partir de la comparacion por pares de distintos perfiles
genéticos, generalmente generados a partir de la secuenciacién de microsatélites. Dos
individuos seran clasificados como emparentados cuando la puntuacién LOD exceda de
un valor critico predefinido. Esta metodologia ha sido aplicada con éxito para detectar
relaciones de parentesco cercanas (padres — hijos, hermanos o medio hermanos, y
primos) en rorcual aliblanco (Skaug et al. 2010, Tiedemann et al, 2012) y en rorcual

comun (Pampoulie et al. 2013).

4.2. Metilacion del ADN

Entendemos como metilacion de ADN a una modificacién posterior a la replicacion, en
la cual un nucleétido adquiere un grupo metilo, que se unira a través de un enlace
covalente (Ahuja and Issa 2000). En vertebrados, la metilacién ocurre principalmente en
las citosinas de las secuencias citosina-fosfato-guanina (dinucleétidos CpG), y esta
vinculada a la represion transcripcional de los genes cercanos (Klose and Bird 2006). A
nivel general, el genoma es pobre en CpG; sin embargo, esta escasez general contrasta
con zonas altamente enriquecidas en este dinucledtido. Estas zonas, que reciben el
nombre de islas de CpG (CGls), suelen tener una longitud de centenares de pares de
bases y un alto porcentaje de nucleétidos C y G. Se calcula que un elevado porcentaje
de promotores de genes estan asociados a islas CpG (Saxonov et al. 2006, Deaton and
Bird 2011). En general, las CGls no suelen estar metiladas, en contraste con el resto de
las regiones gendmicas. La metilacion de las CGls suele estar relacionada con el
silenciamiento del promotor al cual se encuentran asociadas, aunque se cree que éste
no es el factor desencadenante, sino que actia como un bloqueador del estado de

silenciamiento (Deaton and Bird 2011).

La metilacion del ADN no es estatica con el tiempo, viéndose modificada a lo largo del
desarrollo (Smith and Meissner 2013) y con el envejecimiento. A nivel global, el
envejecimiento suele estar asociado a una hipometilacion general del genoma (Wilson
et al. 1987, Ahuja and Issa 2000), mientras que en las CGls se ha asociado el
envejecimiento tanto a hipermetilacion como a hipometilacion, dependiendo de la

region. Estas relaciones lineales entre edad y metilacién han permitido desarrollar
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metodologias para predecir la edad de los individuos, a partir del analisis de los niveles

de metilacion en zonas concretas del genoma (Goel et al. 2017).

El envejecimiento no es el Unico factor que altera los niveles de metilacién a lo largo de
la vida del individuo. Algunos factores ambientales, como por ejemplo cambios en la
temperatura, salinidad, u otros factores estresantes, parecen inducir importantes
modificaciones en la metilacion del ADN, que en ciertos casos también han sido
asociados con cambios en la expresion génica (Feil and Fraga 2012). Estas variaciones
funcionales inducidas por el ambiente permitirian que una poblacién exhibiera
variabilidad fenotipica, a pesar de ser genéticamente homogénea (Flores et al. 2013).
En principio, estas modificaciones no deberian ser heredables, ya que durante el
desarrollo de la linea germinal se produce una reprogramacién del metiloma a nivel
global (Kota and Feil 2010), aunque algunas regiones del ADN parecen ser mas

resistentes a esta reprogramacion (Feil and Fraga 2012).

La mayoria de los métodos que permiten

CH3

detectar si una determinada citosina se

encuentra metilada estan basados en la

O o O o O conversion con bisulfito (Figura 7). El bisulfito

desamina las citosinas que no estan

Bisulfito

uracilos, que tras una posterior amplificacion

i metiladas, lo cual causa su conversidon a

mediante PCR pasaran a ser timinas.

O 0 O 0 O Tras tratar el ADN con bisulfito, éste puede

ser amplificado mediante PCR, para

posteriormente secuenciarse ya sea a nivel

PCR de regiones concretas (Tost and Gut 2007) o
a nivel de genoma (epigenoma) (por ejemplo,

Boyle et al 2012, Olova et al. 2018). En el

O o O o O producto resultante, aquellas citosinas que

no estaban metiladas seran timinas, mientras

que las citosinas que si lo estaban seguiran

Figura 7: Esquematizacion del efecto manteniéndose como citosinas.

del tratamiento del bisulfito en el ADN.

En el producto final se tendran Este proceso permite la deteccion de
principalmente 3 nucledtidos (T, G y
A), ya que todas las citosinas no
metiladas pasaran a convertirse en
timinas.

citosinas metiladas con una resolucion a nivel
de nucledtido (Darst et al. 2010).
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Teniendo en cuenta que las poblaciones celulares son heterogéneas, el resultado que
se obtendra sera un porcentaje indicativo de la proporcién de células de un mismo tejido

que se encuentran metiladas en una determinada posicion CpG.

4.3. Metilacion del ADN para inferir la edad en el rorcual comun

Hasta ahora, la mayoria de los estudios epigenéticos, incluidos los estudios que analizan
los patrones de metilacion de ADN, han estado realizados con muestras humanas y de
animales modelo. Sin embargo, a lo largo de los ultimos anos, se han comenzado a
aplicar algunas de estas técnicas moleculares para estudiar poblaciones salvajes. En el
caso de la metilacién, existen dos aplicaciones principales que han atraido el interés de

la comunidad cientifica.

La primera aplicacién es el uso de los niveles de metilacion de citosinas concretas como
predictores de la edad biolégica, lo que se conoce como “reloj epigenético” (Horvath and
Raj 2018). En humanos existen diferentes relojes epigenéticos, desarrollados a partir de
muestras procedentes de tejidos de interés forense, como puede ser la sangre (Hannum
et al. 2013), la piel (Gronniger et al. 2010) o multiples tejidos (Horvath 2013, Levine et
al. 2018). En especies salvajes, la edad es un parametro critico para el estudio de
algunos parametros poblacionales basicos, como pueden ser la longevidad o la
maduracién sexual; sin embargo, en la mayoria de los casos esta informacion es muy
dificil de obtener (De Paoli-Iseppi et al. 2017). De forma reciente, se han desarrollado
relojes epigenéticos para algunas especies salvajes, como pueden ser por ejemplo los
chimpancés (Ito et al. 2018), aves marinas (De Paoli-Iseppi et al. 2018), o ballenas

jorobadas (Polanowski et al. 2014) y belugas (Bors et al. 2021).

En el rorcual comun, al igual que en otras ballenas, la edad se suele estimar realizando
lecturas de las bandas de crecimiento que tienen en los tapones de cera del conducto
auditivo (Lockyer 1984). Sin embargo, este tipo de muestras son dificiles de obtener, y
requieren que el animal esté muerto. Otro tipo de técnicas se han tratado de aplicar para
determinar la edad de las ballenas, incluyendo los analisis de la longitud de los
telomeros (Olsen et al. 2014) y los analisis de acidos grasos especificos (Hernan et al.
2009). Sin embargo, la resolucion de estos predictores ha sido relativamente baja. Los
analisis en los niveles de metilacién podrian proporcionar una técnica util para estos
casos, pero resulta esencial encontrar marcadores 6ptimos que permitan una correcta
prediccion a partir de la secuenciacion de un bajo numero de citosinas, para que resulte
econdémicamente viable su integracion en los estudios poblacionales. En el afio 2014,

se identificaron exitosamente tres posiciones CpG cuyos niveles de metilacion
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correlacionaban con la edad en ballenas jorobadas, permitiendo la generacién de un
modelo predictivo con bajo error (Polanowski et al. 2014). Teniendo en cuenta su
proximidad filogenética con el rorcual comun, y su validacion en multiples poblaciones
de ballena jorobada, la aplicacion de estos tres biomarcadores resulta una opcion

prometedora para inferir la edad en el resto de los rorcuales.

4.4. Metilacion del ADN y adaptaciéon al ambiente en el rorcual comun

La segunda aplicacién con un claro potencial para el estudio de poblaciones salvajes es
el papel que tiene la metilacion del ADN en el proceso de adaptacion ambiental y su
potencial a nivel evolutivo (Flores et al. 2013, Verhoeven et al. 2016). Al igual que en el
caso anterior, se trata de un campo novedoso que despego a raiz de la relacion existente
entre patrones de metilacion anémalos y el desarrollo de cancer (Ahuja and Issa 2000).
En humanos, se ha encontrado relacion entre factores ambientales y/o factores
estresantes con patrones caracteristicos en la metilacion del ADN (por ejemplo,
Gronniger et al. 2010, Jacobsen et al. 2012, McGuiness et al. 2012), que en algunos
casos también podrian asociarse a un envejecimiento prematuro a nivel de metilacion
del ADN (Dhingra et al. 2018).

Dentro del campo de la ecologia y la evolucion, se ha visto que la plasticidad fenotipica
que se observa en algunos procesos migratorios se asocia con regiones
diferencialmente metiladas entre poblaciones residentes y migratorias de distintas
especies de peces, incluso en ausencia de diferenciacion genética (Baerwald et al.
2016, Whitaker et al. 2018, Merlin and Liedvogel 2019). Asi mismo, otro tipo de factores,
como pueden ser cambios de temperatura (Weyrich et al. 2016), o cambios en el acceso
a los recursos a raiz de la urbanizacion (Lea et al. 2016, McNew et al. 2017, Watson et
al. 2021), también producen diferencias en el epigenoma. Algunos de estos cambios
parece que pueden ser transmitidos entre generaciones, implicando que el ambiente al
cual se exponen los padres podria llegar a influenciar significativamente en la
descendencia (Weyrich et al. 2016, Berbel-Filho et al. 2020).

A pesar de las evidencias existentes a raiz del uso de marcadores quimicos, los analisis
genéticos llevados a cabo hasta la fecha no han sido capaces de detectar una estructura
poblacional del rorcual comun del Atlantico Norte (Pampoulie and Danielsdottir 2013,
Introduccién 4.1). De todos los stocks existentes en el Atlantico Norte, el stock espanol
parece ser el mas aislado de todos ellos, y diversos estudios evidencian el aislamiento
existente entre el stock de Islandia y el stock de Espafia (Figura 4, Introduccién 2.2.).

Asi pues, la metilacion del ADN podria ser un buen marcador molecular para este caso,
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ya que podria permitir la identificacion de diferencias adaptativas entre poblaciones, a
pesar de que sean moviles y presenten un flujo genético considerable (ver por ejemplo
Merdndun et al. 2019).
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OBJETIVOS

El objetivo global de esta tesis es ampliar el conocimiento sobre la biologia y

ecologia del rorcual comun, con foco principal en la poblacién de rorcual comun

de Islandia. Dadas las numerosas incognitas que siguen existiendo alrededor de esta
especie, se establecen una serie de objetivos concretos que seran respondidos en los

distintos capitulos.

La presente tesis se divide en dos bloques principales. En el primer bloque, se aplicaran
analisis de isotopos estables para responder preguntas principalmente relacionadas con
la ecologia tréfica de la poblacion de rorcual comun de Islandia. Este bloque incluye los

Capitulos 1y 2.

En el segundo bloque, se utilizaran los andlisis de is6topos estables junto con los
analisis de la metilacion del ADN para analizar principalmente la estructura migratoria y
poblacional del rorcual comun de Islandia, comparandola en algunos estudios con la
poblacion de rorcual comun de Espafia. En este bloque también se analizara el uso de
la metilacion de ADN para determinar la edad de los rorcuales comunes. Este bloque

incluye los Capitulos 3,4 y 5.
Los objetivos concretos establecidos en la presente tesis son:

a. Determinar la reparticion de los recursos ecoldgicos entre las especies

de misticetos que se alimentan en aguas islandesas.

En el Capitulo 1, se analizaran muestras de pieles de las cinco especies de misticetos
(ballena azul, rorcual comun, ballena jorobada, rorcual aliblanco y rorcual boreal), que
se alimentan en aguas islandesas. Se determinaran los valores isotdpicos del nitrégeno,
carbono y azufre para inferir la dieta de cada especie y la posible competencia entre

ellas.

b. Explorar el uso de las barbas de ballena para estudiar los potenciales
movimientos migratorios y cambios en la dieta, analizando el efecto que puede
tener el tamaio de la barba y su posiciéon en la boca del animal en los resultados

obtenidos.

En la primera parte del Capitulo 2, se examinara si los is6topos estables analizados en
muestras de barbas procedentes de una misma ballena nos proporcionan la misma

informacién, indistintamente de su tamafio y posiciéon dentro de la boca del animal. Este
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estudio preliminar es de gran importancia de cara a los estudios posteriores en los
cuales se utiliza esta metodologia, y en los que no siempre se sabe la posicion que

ocupaba la barba analizada.

c. Explorar la aplicabilidad de los is6topos de azufre en el estudio de los

movimientos a escala oceanica del rorcual comun

Como se ha expuesto en la Introduccion, los isétopos de azufre han sido utilizados
principalmente para diferenciar comportamientos costeros de comportamientos
pelagicos. Sin embargo, cuando han sido aplicados para analizar barbas de ballenas,
han surgido dudas durante su interpretacion. Nuevamente en el Capitulo 2, se
analizaran los is6topos de azufre (junto con is6topos de nitrégeno y carbono) para
estudiar su potencial aplicacién a escala oceanica, concretamente para el estudio de las

migraciones y los cambios de dieta del rorcual comun.

d. Determinar si existe algun tipo de estructuracién en las migraciones del

rorcual comun de la poblacién islandesa.

Las migraciones y el comportamiento del rorcual comun fuera de las zonas de
alimentacion son ampliamente desconocidas. En el Capitulo 3, a través de los analisis
de isotopos del nitrégeno en barbas, se comprobara si existe estructura en las
migraciones efectuadas por los individuos de la poblacién islandesa. Ademas, se
realizaran analisis genéticos para determinar el grado de parentesco de los individuos

analizados.

e. Comprobar la efectividad de la metilaciéon en la determinacién de la edad

de los rorcuales comunes

Determinar la edad de los individuos es un paso esencial para poder comprender la
estructura poblacional. En el Capitulo 4, se realizara un modelo predictor de la edad
para el rorcual comun a partir de marcadores epigenéticos. Asi mismo, se estudiara el

posible efecto del ambiente en estos predictores.

f. Determinar la existencia de diferencias epigenéticas entre dos

poblaciones de rorcual comun genéticamente homogéneas.

En el Capitulo 5 se estudiaran las diferencias epigenéticas a nivel genémico que existen
entre la poblacion de Islandia y la poblacién de Espafia. A pesar de que existen multitud
de evidencias sobre su aislamiento, hasta la fecha los marcadores moleculares no han

permitido una correcta discriminacion.
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Ecological niche partitioning between baleen whales inhabiting

Icelandic waters

Autores: Raquel Garcia-Vernet?, Asuncion Borrell?, Gisli Vikingsson®, Sverrir D.

Halldorsson®, Alex Aguilard

@ Departamento de Biologia Evolutiva, Ecologia i Ciencias Ambientales, y IRBio, Facultad de
Biologia, Universidad de Barcelona

b Marine and Freshwater Research Institute, Fornubtidum 5, 220 Hafnarfjéréur, Iceland

The highly productive waters off Iceland are an important feeding ground for baleen
whales. Five balaenopterid species coexist there during the summer feeding season:
the blue whale, the fin whale, the sei whale, the humpback whale and the common
minke whale. For capital breeders such as baleen whales, niche partitioning and
reduced interspecific competition during their stay in the feeding grounds may be
critical for the completion of their annual cycles and the long-term stability of
populations. Coexistence often entails spatio-temporal or trophic segregation to

avoid competitive exclusion.

With the aim of studying how these species share habitat and trophic resources, we
analyzed the 613C, 615N and 634S values in skin samples. Bayesian stable isotope
mixing models to calculate compositional mixture of food sources showed that most
species segregate by consuming different prey. Segregation was further enhanced

by some degree of spatio-temporal exclusion.

Overall, clear ecological niche partitioning was apparent between all species except
between blue and fin whales. All the species consumed krill and, except for the
common minke whale, this was the dominant prey. Among baleen whales, common
minke whales and humpback whales were the major predators of sand eel, capelin
and herring. In humpback whales, a strong reliance on krill may explain the

apparently low rates of local entanglement in fishing nets as compared to other areas.

Except for the blue whale, all species have shown evidence of adapting to shifts in
prey availability and thus suggested capacity to cope with variability. However, in a
scenario of increasing environmental variability associated to global warming, the
overlap between ecological niches may have to decrease to allow long-term

coexistence.
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ARTICLE INFO ABSTRACT

Keywords:
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Trophic niche

The highly productive waters off Iceland are an important feeding ground for baleen whales. Five balaenopterid
species coexist there during the summer feeding season: the blue whale, the fin whale, the sei whale, the
humpback whale and the common minke whale. For capital breeders such as baleen whales, niche partitioning

Ei;e artitionin and reduced interspecific competition during their stay in the feeding grounds may be critical for the completion
Cetacezns 8 of their annual cycles and the long-term stability of populations. Coexistence often entails spatio-temporal or
Balaenopteridae trophic segregation to avoid competitive exclusion. With the aim of studying how these species share habitat and

trophic resources, we analyzed the 5'°C, §!°N and §°*S values in skin samples. Bayesian stable isotope mixing
models to calculate compositional mixture of food sources showed that most species segregate by consuming
different prey. Segregation was further enhanced by some degree of spatio-temporal exclusion. Overall, clear
ecological niche partitioning was apparent between all species except between blue and fin whales. All the
species consumed krill and, except for the common minke whale, this was the dominant prey. Among baleen
whales, common minke whales and humpback whales were the major predators of sand eel, capelin and herring.
In humpback whales, a strong reliance on krill may explain the apparently low rates of local entanglement in
fishing nets as compared to other areas. Except for the blue whale, all species have shown evidence of adapting to
shifts in prey availability and thus suggested capacity to cope with variability. However, in a scenario of
increasing environmental variability associated to global warming, the overlap between ecological niches may
have to decrease to allow long-term coexistence.

1. Introduction

The ecological niche of a species can be understood as a multidi-
mensional volume whose axes represent environmental and trophic
variables and in which every point corresponds to a state of the envi-
ronment which permits the survival of that species (Hutchinson 1957).
Overlap between niches of species that co-exist in a given ecosystem
should be necessarily limited to avoid an excessive competition (Mac-
Arthur and Levins 1967, Schoener 1983) that may end up with the
exclusion of one of the competing species (Hardin 1960, Pianka 1974).

Marine organisms show consistently higher frequencies of competi-
tion than terrestrial ones, as do large-sized organisms compared to
smaller ones (Connell 1983). Baleen whales or mysticetes are marine
organisms and include the largest animals on Earth. They are filter

feeders and all of them, except the gray whale (Eschrichtius robustus),
which mostly preys on benthic crustaceans, exploit prey that thrive in
the water column, a fact that inevitably involves some degree of inter-
specific competition (Mori and Butterworth 2006). After centuries of
exploitation, once protection came into force the recovery of the various
species and populations has been heterogeneous (Best 1993, Clapham
et al., 2008, Thomas et al., 2016) and this has triggered debate on the
potential effect of interspecific competition for food and its interplay
with the long-term demographic trajectory of populations (Clapham and
Brownell 1996, Friedlaender et al., 2009, Konishi et al., 2008). Similar
debate has been raised with regards to the competition of baleen whales
with commercial fisheries, and this has led in some instances to the
proposal that a reduction in whale biomass may translate into a corre-
sponding increase in the species consumed by whales which would then
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become available to fisheries (Schweder et al., 2000). This has become
an argument to support whaling independently of their direct economic
exploitative benefits (Morissette et al., 2012, Ruzicka et al., 2013).

All this demands for a more precise delineation of the ecological
niches of baleen whales. Although both diet and ecological niche are
dynamic and may vary ontogenetically and between seasons and years
responding to environmental shifts (Gomez-Campos et al., 2011,
Fleming et al., 2016), niche delineation shall permit a better under-
standing of the place of baleen whales in ecosystems. In particular, it
should allow an accurate integration of these organisms as functional
groups in trophic web models (Jusufovski et al., 2019) and in this way
contribute to the in-depth assessment of potential competition between
baleen whales and fisheries (Stefansson et al 1997). Moreover, pro-
jections on the impact that climate change may have on baleen whales
point to population declines as a consequence of reduced prey from
warming and increasing interspecific competition between whale spe-
cies or between whales and fisheries (Tulloch et al., 2019; Bogstad et al.,
2015). In this scenario, the need for reliable information on diet
composition and habitat use is particularly urgent in polar ecosystems,
where both the ecosystems and their marine mammal populations are
expected to experience substantial environmental pressures caused by
the foreseen climate shifts (Huntington 2009, Moore et al 2019).

Traditional methods for determining feeding ecology, such as fecal
analysis, stomach contents analyses, or observations of feeding behavior
provide only information of the most recently consumed prey, and thus
yield an incomplete picture of overall diet, and can be biased by dif-
ferences in the digestibility of prey and in the easiness of species-
identification of body parts (Bowen and Iverson 2013, Trites and Spitz
2018). The stable isotope composition of the tissues of an individual
contains the label of both the assimilated diet and the environment in
which the individual lives. Consequently, tissue stable isotope analysis
has become a useful complementary tool to investigate the place of wild
animals in their ecosystems (Kelly 2000, Newsome et al., 2010). The use
of tissues with relatively high turnover, such as skin with a turnover of a
few months (Busquets-Vass et al., 2017), can be used to draw stable
isotope niches that reflect the bionomic elements sustaining organisms
in a given area and season, and thus infer the ecological niches of
cohabiting species (Newsome et al., 2007, Pinela et al., 2010, Gav-
rilchuk et al., 2014). Although most studies of this nature rely on the
application of stable isotope biplots (usually §'3C and 5'°N), the strength
of the assessment increases if the stable isotopes of further elements (e.g.
54S) are incorporated into the analysis because the various elements
contribute different information (Connolly et al., 2004; Swanson et al.,
2015). Thus, while all isotope ratios reflect baseline levels (IVicMahon
et al., 2013), 515N and, to a lesser extent, 513C values vary with trophic
level. 8'3C values also provide general information about spatial dis-
tribution because they mirror the primary C sources and thus tend to be
higher in coastal or benthic primary producers than in offshore or
pelagic primary producers. Finally, 5>*S values decrease with freshwater
inputs and therefore also vary with proximity to coast (e.g. Borrell et al.,
2021).

Iceland (63-66°N) is located just at the Arctic Circle, at the juncture
of Arctic and North Atlantic oceans, and the high productivity of its
waters makes them an important foraging area for baleen whales during
the summer (Sigurjonsson, 1995). The most common species there are
the common minke whale (Balaenoptera acutorostrata), the fin whale
(Balaenoptera physalus), the sei whale (Balaenoptera borealis), the
humpback whale (Megaptera novaeangliae) and the blue whale (Balae-
noptera musculus). Although a small part of the population of some or all
of these species may remain around Iceland throughout the year, the
largest component of all species undertakes annual migrations and
alternate low-latitude breeding grounds in winter with the high-latitude
Icelandic feeding grounds in summer (Sigurjonsson and Vikingsson
1997, Magnusdottir and Lim 2019, Lydersen et al., 2020). The coexis-
tence of these five species with similar ecological requirements in Ice-
land is intriguing, and leads to questioning how they share the available
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resources to avoid competitive exclusion. In-depth studies on diet have
been conducted on the two species that have been exploited commer-
cially until recent times, the common minke whale (Sigurjonsson et al.,
2000, Vikingsson et al., 2014) and the fin whale (Vikingsson 1997), but
information on the diet composition and ecological niche of the other
species is scant or absent. In addition, in the last decades the effects of
global warming have become apparent in the oceanic ecosystem off
Iceland (Sarafanov et al., 2007, Palsson et al., 2012b) and this has led to
changes in the composition, distribution and abundance of numerous
species that constitute baleen whale prey (Stefansdottir et al., 2010,
Silva et al., 2014, Vikingsson et al., 2014; Gislason et al., 2009; Ast-
thorsson et al., 2012). These changes necessitate continuous re-
evaluation of feeding and habitat-use parameters.

Here we present results of a study conducted through the stable
isotope analyses of three elements (nitrogen, carbon and sulfur) in skin
samples from the five baleen whale species inhabiting Icelandic waters.
While our first objective was to investigate the diet composition and
potential overlap in trophic niches of these species in Iceland, the study
also allowed to gain some perspective on their interaction with the local
fisheries as well as on plausible trends in their ecology in a scenario of
global warming.

2. Material and methods
2.1. Sample collection and preparation

Details about the sampling of skin from the baleen whale species are
shown in Table S1. The skin samples from humpback and blue whales
were collected using biopsy darts shot to free-ranging individuals during
the summer, while for sei and fin whales they were obtained from in-
dividuals caught off West Iceland, and for common minke whales from
individuals taken by different boats around Iceland, all of them also
collected during the summer. In all cases, skin was obtained from the
dorsal region of the central portion of the body trunk. Although some
variation may exist in the precise body location sampled, this is not
expected to affect the study as skin has been shown to be a homogeneous
tissue with regards to its stable isotope composition (Borrell et al.,
2018Db). Krill samples were obtained from fresh stomach contents from
fin whales caught off W Iceland in 2018 and flensed at the Hvalur H/F
station. All samples were preserved at —20 °C. The stable isotope values
from other prey consumed by the whales were obtained from the
literature.

Prior to analyses, the samples were dried for 24 h at 50 °C, and
ground to powder using a mortar and pestle. To avoid the decrease of
513C values produced by lipids (DeNiro and Epstein 1977), the lipidic
fraction was removed by soaking the skin samples in a chloroform/
methanol (2:1) solution following the Folch method (Folch et al., 1957)
and shaking them with a rotator for 24 h. This process was sequentially
repeated three times, and samples were dried before analysis.

2.2. Stable isotope analyses

For carbon and nitrogen analyses, powered samples of approxi-
mately 0.3 mg of skin and 1 mg of krill were weighed into tin capsules.
Samples were loaded and combusted at 1000 °C and analyzed using a
continuous flow isotope ratio mass spectrometer (ThermoFinnigan Flash
1112 elemental analyzer; CE Elantech, Lakewood, NJ, USA), coupled to
a Delta C isotope ratio mass spectrometer via a ConFlo III interface (both
from ThermoFinnigan, Bremen, Germany). For sulfur analyses, powered
samples of approximately 2 mg of skin were weighed into tin capsules.
Samples were loaded and combusted at 1030 °C and analyzed with an
Elemental Analyzer (Carlo Erba 1108) coupled to a Delta Plus XP isotope
ratio mass spectrometer via a ConFlow III interface (both from
Thermofisher).

The analytical results are presented according to the delta (58) nota-
tion, where the relative variations of stable isotope ratios are expressed
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in parts-per-thousand (%o) compared to predefined standards:

6X = [(R sample/R standard) — 1] * 1000

where X is 13C, 15N or 3*S, and R sample and R standard are the heavy-to-
light isotope ratios (*3C/*2C, >N/*N and 3*s/%2S) in the sample and in
the reference standards, respectively. These standards are the Vienna
Pee Dee Belemnite (V-PDB) calcium carbonate for 13C, atmospheric ni-
trogen (air) for I5N, and Vienna Canyon Diablo Troilite (V-CDT) for 34g,
The accuracy of measurements for 5!3C, 8'°N and 24S were 0.1, 0.3 and
0.2 %o, respectively.

For §'3C and §!*N, international isotope secondary standards of
known isotope ratios in relation to V-PDB and air, respectively, were
used. These were: polyethylene (IAEA-CH-7; 5'°C = -31.8%0), sucrose
(IAEA-CHg; 8'3C = —10.4%o), ammonium sulfate (IAEA N1; §'°N =
+0.4%0 and IAEA N2; 515N = +20.3%o0), potassium nitrate (USGS 34;
815N = — 1.7%o), L-glutamic acid (USGS 40; 8'°N = — 4.6%q; 61°C = —
26.2%o0) and caffeine (IAEA 600; §'°N = 1.0%0; 5'°C = — 27.7%o). For
534S, secondary standards of known isotope ratios in relation to V-CDT
were: barium sulfate (IAEA SO-6; 5°*S = —34.1%0 and IAEA SO-5; 54S =
+0.5%0) and YCEM (5>*S= +12.8%).

The reference materials used for the analysis were obtained from the
International Atomic Energy Agency (IAEA). The analyses were carried
out in the Centres Cientifics i Tecnologics of the University of Barcelona
(CCiT-UB).

2.3. Statistical analyses

Because of the occurrence of the Suess effect, which is a significant
decrease of 13C in atmospheric CO, caused by the burning of fossil fuels
(Keeling 1979), before conducting any statistical analysis the §'°C
values from both the baleen whale samples and the prey samples were
converted to values corresponding to 2013 by considering a decrease of
0.027 %o yr’1 (Borrell et al., 2018a).

Data were tested for normality (Shapiro-Wilk test) and homosce-
dasticity (Bartlett test), and means and standard deviations were
calculated for each baleen whale species. A Kruskal-Wallis test was
performed for each stable isotope ratio to look for significant differences
between species, followed by a post-hoc test (Dunn Test) adjusted with
the Holm method (Ogle et al., 2020). Bayesian mixing models were
applied to stable isotope data to estimate the prey contributions to the
diet of each whale species, following the MixSiar model framework
(Stock and Semmens 2016). We performed a separate model for each
baleen whale species.

Parameters included in these models were: the §!°N and §'C indi-
vidual values of whales, those of their prey sources (Table S2), and the
predictable shift between whale skin and diet (trophic discrimination
factors) that had been previously estimated for fin whales as 2.82 +
0.30%o for 5'°N and 1.28 + 0.38%. for 5'3C (Borrell et al., 2012). The
potential prey considered in the model for each whale species were
identified according to previously available information on stomach
content analyses conducted on whales from the North Atlantic
(Table S3). Because for fin and minke whales there was detailed infor-
mation on diet composition off Iceland (Vikingsson 1997; Vikingsson
et al.,, 2014), for these two species we incorporated priors into the
model. For the fin whale these were: krill: 80%, capelin: 15%, sand eel:
2.5%, and copepods: 2.5%. For the minke whale, krill: 10%, sand eel:
45%, capelin: 12.5%, herring: 12.5%, and gadoids: 20%. All models
were run with the following Markov Chain Monte Carlo (MCMC) set-
tings: length chain: 300,000-3,000,000, burn-in: 200,000-1,500,000,
thin: 100, chains: 3. To ensure that all models converged we used the
Gelman-Rubin and Geweke tests (see Table S4).

The 5'3C, 5'°N and 5*s values were used to run the probabilistic
method that allows defining niche region and pairwise niche overlap
with three dimensions (Swanson et al., 2015) using the R package
“nicheRover” (Lysy et al., 2015). For conducting the analyses, the
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species niche region was defined as the region with a 95% probability of
finding a specific individual of that particular species and denoted as
NRgs. For each species of baleen whale and every pair of isotopes,
posterior distributions were obtained. The size of the niche and the niche
overlap, defined as the probability that an individual from a particular
species is found in the niche of another species (Swanson et al., 2015),
were calculated. Posterior means of niche overlap and 95% credible
intervals were obtained. For plotting the 5 random elliptical projections
for each of the posterior distributions, the alpha value was set as 0.4
(denoted as NRy4p) and 0.95 (denoted as NRgs). While NR4q depicts the
niche core similarly to the widely used bivariate Standard Ellipse Areas
(Jackson et al., 2017), NRgs provides the 95% probability region of the
tridimensional stable isotope niche and is thus considered a more ac-
curate measure of actual overlap. We performed 10,000 runs for all
analyses.

3. Results

Table 1 shows summary statistics of the stable isotope ratios of the
baleen whale species analyzed in this study. Kruskal-Wallis test showed
that 8'3C, 6°*s and 6!°N values were significantly different among
species (p.value < 0.001 for all of them). The Post-hoc Dunn test indi-
cated that all species showed significant differences for at least one of
the three stable isotope ratios, except between the blue and fin whales
which did not present significant differences for any of the isotope
ratios.

Table S2 details the stable isotope values of potential prey of baleen
whales sampled in summer. Calanus finmarchicus was considered to be
representative species of the copepod group and Meganyctiphanes nor-
vegica of krill because these two species are the major components of
their respective zooplankton groups in the region and constitute a main
prey for whales (Planque and Fromentin, 1996; Vikingsson, 1997; Prieto
etal., 2012). Fig. 1 shows the stable isotope ratios of both potential prey
and baleen whales. Results of Bayesian mixing models indicated that
krill represents the major contribution to the diet of blue (mean + SD:
95% =+ 4), fin (94% =+ 7), humpback (67% + 7) and sei (66% + 5)
whales, while it has a lower contribution in the diet of common minke
whales (23% + 10). Sand eel was the main prey for common minke
whales (54% =+ 15), and contributed marginally to the diet of humpback
whales (7% =+ 6). C. finmarchicus was an important prey for sei whales
(34% =+ 5) and had a marginal contribution in the diet of blue (5% =+ 4)
and fin whales (1% =+ 0,4). Capelin contributed to 15% (£9) of the diet
of humpback whales and to less than 10% to that of common minke

Table 1

Number of samples analyzed, mean and standard deviation of 5'°N, 5'°C and
5%*S values and niche size for each species. Values obtained from samples
collected before 2013 were corrected for the Suess effect (see text). Within a
column, superscript letters indicate that, according to the post-hoc Dunn test,
differences between species noted with the same letter are non-significant (p >
0.05); e.g. 8'°N values showed non-significant differences between sei and fin
whales (both noted with “a”), between blue and fin whales (both noted with
“b”), between blue and humpback whales (both noted with “c”), and between
humpback and common minke whales (both noted with “d”).

Species n 515N (%o) 513C (%0) 524S (%o) Niche size
mean + SD mean + SD mean + SD (%0%) (o0 =
0.95)
Sei whale 19 894062 ~18.7 + 18.8 + 0.3 47 +1.3
0.5% a
Blue whale 9  10.2+0.4 ~19.5 + 19.2+0.3 37+16
be 0_5b a
Fin whale 19 9.8+05 ~19.6 + 18.8 + 0.4 3.4+1.0
ab O.Zb a
Humpback 15 11.5+0.8 ~19.4 + 18.3 + 15.6 + 5.1
whale od 0.7° 0.5°
Common 19 124+13 -17.8 + 18.3 + 12.9 + 3.7
minke whale d 0.5¢ 0.4°
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Fig. 1. Individual stable isotope ratios of N and C in the skin of baleen whales
analyzed in this study, and mean (+SD) of the six potential groups of prey
included in the MixSiar models corrected with the discrimination factors
calculated by Borrell et al. (2012).

whales (6% =+ 7). Finally, gadoids and herring accounted for less than
10% of the contribution to the diet of all the species (Fig. 2). In total, fish
species contribution was the highest for common minke whales (77%),
followed by humpback (34%) and fin whales (2%).

Fin whales had the smallest niche size, although it was very close to
that of blue and sei whales, while common minke and humpback whales
exhibited larger niche sizes (Table 1 and Fig. 3 and S1). Overlap in
isotopic niches between baleen whale species was high for 5>4S, medium
for 5!3C, and small for '°N, but the result of combing the three values
resulted in most cases in a moderate overlap between them. Thus, in all
cases the estimated NRgs overlap between whale species was below 25%
except between fin and blue whales, in which overlap values were be-
tween 50 and 60% (Table 2, Fig. S1).

4. Discussion
4.1. Diet composition

The stable isotope ratios determined in both the skin of the whales
and in their prey are discrete measures taken from a complex scenario
influenced by different variables and processes. The samples of both the
whales and their prey were collected in different years, and tissue
turnover, migration, the erratic movement of the whales, temporal and
the geographical variation of local oceanographic conditions all interact
to determine the stable isotope signal that is eventually found in or-
ganisms (e.g. Hobson and Wassenaar, 2019). As such, stable isotope
ratios should be taken only as a proxy of diet and trophic interactions,
and considered at the light of the knowledge on the biology of species.

Bayesian mixing models showed that sei whales primarily fed on
krill, as previously reported in Iceland (Sigurjonsson 1995).
C. finmarchicus was the second most common prey, contributing to the
34% of the diet. This highlights the importance of this species for the sei
whales as it appears to be the rule in most areas of the North Atlantic,
where C. finmarchicus or other copepods are the most abundantly
consumed prey (Hjort, 1933, Flinn et al., 2002, Prieto et al., 2012, Silva
et al., 2019).

The mixing models also showed that the diet of both blue and fin
whales was mainly composed of krill. Although the diet of blue whales
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summering off Iceland has not been previously studied, our results
concur with those found in other areas of the North Atlantic, such as the
Estuary and Gulf of St. Lawrence or Norway (Christensen et al., 1992,
Sears and Perrin 2018, Guilpin et al., 2019). In the case of the fin whale,
the diet predicted by the mixing models showed that the species barely
consumes fish. However, the individuals sampled were all taken during
the summer, and previous studies have shown that later in the year the
species also feeds on capelin (MFRI unpublished observations), coinci-
dentally with results from other geographical regions where a significant
part of the diet is composed of schooling fishes like capelin, herring,
mackerel, blue whiting, and secondarily, copepods (Jonsgard 1966,
Kawamura 1980, Gavrilchuk et al., 2014, Aguilar and Garcia-Vernet
2018).

According to the mixing models, humpback whales also largely
consumed krill, with fish contributing about 34% of their diet. Although
there is no direct data on stomach contents from this species in Iceland
(Sigurjonsson and Vikingsson 1997), this balaenopterid is usually
considered a generalist species (Wright et al., 2016, Clapham 2018) and
has been reported to be associated with areas of high capelin density
(Pike et al., 2019). It is noteworthy that the contribution of krill in the
diet of Icelandic humpback whales is much higher than that estimated
for other feeding areas in the northern hemisphere, such as the Gulf of
St. Lawrence (Gavrilchuk et al.,, 2014), Newfoundland (Piatt and
Methven 1992), Norway (Christensen et al., 1992), Alaska (Wright et al.,
2016) or the California current (Fleming et al., 2016). Although this
difference may be reflecting the large abundance of krill during the
summer in Icelandic waters and ignoring the stronger reliance of
humpback whales on capelin during autumn and winter, it may also be a
consequence, at least partially, of the reduction in the capelin stocks that
in the last decades has taken place in these waters (Vilhjalmsson 2002,
Palsson et al., 2012a).

With regards to common minke whales, the mixing model showed
that krill was still a significant component of the diet (23% of the
assimilated diet) but the largest component were fish, with sand eel
being the major prey and a much lower contribution of capelin, herring
and gadoids. However, it should be noted that in more recent years the
proportion of sand eel in the diet of common minke whales appears to
have decreased, with a corresponding increase in herring and haddock
purportedly by the effect of an increase in sea surface and bottom
temperatures caused by global warming (Vikingsson et al., 2014).
Whatever the case, the trophic level exploited by the species off Iceland
is clearly higher than that of blue and fin whales, and in the upper range
determined in other localities, where reliance on krill appears compar-
atively higher (Born et al., 2003). The composite results confirm that the
common minke whale feeds on a broad range of different prey (Perrin
et al., 2018) and is the most piscivorous among all baleen whale species
(Skaug et al., 1997, Windsland et al., 2007).

4.2. Niche partitioning and interspecific competition

Being located at the northernmost end of the propagating wave of
high productivity associated to the North Atlantic spring bloom (Visser
et al., 2011), the waters off Iceland are a main summering feeding area
for all the baleen whale species here examined. Baleen whales are cap-
ital breeders that migrate to temperate, low-productivity waters for
reproduction (Lockyer, 1984). As a consequence, a significant portion of
their annual energy budget, and in particular that required to provision
their offspring during lactation, depends on the lipid reserves accrued
during the intensive feeding conducted in the summering grounds
(Lockyer, 1984). Trophic network analyses indicate that baleen whales
are very sensitive to competition, a hypothesis that appears confirmed
by the episodic appearance of emaciated individuals caused by food
shortage (Moore et al., 2001, Ruzicka et al., 2013, Ribeiro et al., 2018).
Niche partitioning and reduced interspecific competition while their
stay in the Icelandic feeding grounds is therefore critical for the
completion of their annual cycles and the long term stability of
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Fig. 2. Boxplot showing the estimated diet composition of the five baleen whale species studied. Proportions of the different prey are shown as 50% (inner box), 75%

(outer box) and 95% credible intervals (whiskers).

populations.

The overlap in distribution, as indicated by the niches drawn by the
513C and 5°*S axes, is substantial and might in principle lead to a situ-
ation of diffuse competition between the various species. This would be
a hindrance to coexistence because coexisting species must differ in their
ecological requirements by at least some minimal amount to avoid
competitive exclusion (Pianka 1974). A strong diffuse competition, as
observed here, requires great average niche separation among coexist-
ing species. This appears resolved by the niches participated by the §!°N
value (a trophic indicator) which separates the various species. The
splitting becomes particularly clear in the niches drawn with the com-
bination of the §'°N and §!3C axes, which integrate both the trophic
signal with the habitat signal. The only exception to this splitting are the
niches of blue and fin whales, which do not separate significantly under
any combination of axes of stable isotope values.

All the species here studied consumed krill, which was always the
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most common prey group. This shows the strong reliance of baleen
whales on this resource, as it has been previously reported in this and
other areas in the North Atlantic (Jonsgard 1966, Kawamura 1980,
Vikingsson 1997, Laidre et al., 2010). Indeed, the lack of distinguish-
ability between the ecological niches of fin and blue whales is explained
by their overwhelming dependence on krill. Conversely, the other spe-
cies also relied substantially on other prey and their overlap in diet
composition decreased to some extent.

However, diet composition is not the only factor determining
ecological niche overlap. Trophic competition between sympatric spe-
cies can be mitigated by segregating through other niche dimensions,
either spatial and/or temporal; this is, two species may consume the
same prey but forage on different size classes of the same prey (Santora
et al., 2010), or forage in different locations, seasons or depths in the
water column (Clapham and Brownell 1996). For example, in the Gulf of
Maine both humpback whales and fin whales consume sand eel, but
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Fig. 3. NicheRover plots for the baleen whale species analyzed in this study. Top-right: five random elliptical projections at 40% niche region (NRy4() for each pair of
isotope ratios. Diagonal: One-dimensional density plots. Bottom-left: Scatterplots of raw data for each pair of isotopes.

Table 2

Pairwise percentages of directional overlap between NRys calculated using nicheROVER: posterior mean (95% credible intervals).

Sei whale Blue whale Fin whale Humpback whale Common minke whale
Sei whale 8.1 5.5 6.1 23.5
(0.2-37.1) (0.3-19.0) (0-35.2) (0.6-69.8)
Blue whale 9.2 57.8 18.9 10.9
(0.2-35.9) (31.8-84.1) (0.5-66.2) (0.1-44.7)
Fin whale 8.2 50.2 14.3 1.2
(0,5-29.6) (27.7-78.0) (0.3-57.4) (0-12.5)
Humpback whale 1.1 4.6 2.4 11.3
(0-5.6) (0.1-20.1) (0.1-9.7) (1.8-29.4)
Common minke whale 3.9 2.4 0.2 18.1
(0.4-12.5) (0.1-10.8) (0-1.2) (2.3-43.5)

Note: The table is to be read across each row, e.g. 8.1 % of the sei whale niche overlapped the blue whale niche, and 9.2 % of the blue whale niche overlapped the sei

whale niche.

hydroacoustic scans show that they exploit patches of different size or
located at different depths (Clapham and Brownell 1996).

In this respect, 53*S values give a clue to spatial segregation because
84S values decrease with freshwater inputs, this is, with proximity to
the coast (Barros et al., 2010, Nehlich 2015). The 5%4s values found in
blue, fin and sei whales were all relatively high and not statistically
different between them, indicating that these species all forage in
offshore waters. The apparent lack of difference between the blue whale
and the other two balaenopterids is difficult to interpret and to a certain
degree contradicts results from surveys conducted in Icelandic waters,
which showed that common minke, humpback and, to less extent, blue
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whales are largely confined to the shelf areas, while fin and sei whales
are most abundant close to the shelf slope and further out (Pike et al.,
2009b, 2019; Sigurjonsson 1995). However, in other areas in the North
Atlantic Ocean blue whales have been seen to forage both pelagically,
over seamounts and other deep ocean structures, as well as on relatively
inshore waters, such is the case of the St. Lawrence Estuary and the
northwestern Gulf of St. Lawrence (Silva et al., 2013; Lesage et al.,
2017). It is likely that, despite skin has a turnover rate of only few
months (see above) the blue whale skin analysed still retained some of
the 534S signal from previous occupancy of more offshore waters as most
of the samples were taken shortly after their presumed arrival to coastal
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waters. Moroever, in the last decades their distribution off Iceland has
apparently experienced a northward shift that has been associated to
changes in oceanographic variables and prey distribution (Vikingsson et
al 2015). In such changing scenario, the matching of the evidences ob-
tained from surveys and from stable isotope analyses may become
difficult if the studies are not temporally coincidental.

Common minke whales and humpback whales presented the lowest
534S values, which indicates a more inshore distribution of these two
species as compared to the rest, a finding supported by sighting studies
both in Iceland and in other North Atlantic locations where all these
species also co-exist (Frankel et al., 1995, Clapham 2000, Doniol-
Valcroze et al., 2007, Pike et al., 2009a, 2019). Such spatial segrega-
tion again tends to reduce interspecific competition, which may be
further strengthened by the differences in foraging behavior mentioned
above. It is noteworthy that the niche size of common minke whales and
humpback whales were the largest among all the baleen whale species
here studied. This reflects the ability of these two balaenopterids to
exploit a wider range of resources and habitats, something which is
particularly true in the case of common minke whales, a species whose
diet is well known to have pronounced spatial and temporal variation
(Vikingsson et al., 2014).

A further element that strengthens resource partitioning is the timing
of residence at the feeding grounds. Although the five species here
examined visit Icelandic waters in the summer, their presence shows
some temporal segregation. Stable isotope niches do not through light
on this variable, but sightings and catch data do. Thus, Sigurjonsson and
Vikingsson (1992, 1997) found that the first species arriving to the
Icelandic feeding grounds are the humpback, fin and minke whales,
followed by blue whales, and finally by sei whales. A similar migratory
sequence has been observed off Northwestern Spain in the summer,
where the peak of abundance of fin whales preceded for about 2-4
weeks the sightings of blue whales and by about 4 weeks the peak of
abundance of sei whales (Aguilar and Sanpera 1982, Aguilar 1985). In
other areas the same species also segregate temporarily, but the
sequence may be different. At the Azores Islands in spring, the peak of
abundance of blue whales preceded those of fin and sei whales (Visser
et al., 2011, Silva et al., 2019), as it also happened in the North Pacific
and the Antarctic, where call detections of blue whales preceded those of
fin whales (Risting, 1928, Stafford et al., 2009). Taking this into account,
we cannot discard that some degree of temporal segregation between
the species actually occurs and slightly alleviates interspecific compe-
tition. This temporal and spatial segregation may be particularly rele-
vant for the coexistence of blue and fin whales given the severe overlap
observed in their respective stable isotope niches.

4.3. Interaction with fisheries

Some studies have suggested that marine mammals require 2-10% of
the net primary production of their ecosystem, and this has triggered
proposals for culling based on the alleged competition of the whales
with commercial fisheries (Morissette et al., 2012, Ruzicka et al., 2013).
Our results show that in Icelandic waters common minke whales and
humpback whales are major predators of capelin, herring, sand eel and
to a less extent of gadoids, and with little doubt, also of other species of
commercial fishes that have not been included in the mixing models.
This is consistent with previous estimates of food consumption by these
whale species in Icelandic waters (Sigurjonsson and Vikingsson 1997) as
well as from similar studies conducted in other areas of the North
Atlantic (Markussen et al., 1992). Blue, fin and sei whales may also
occasionally prey on fish, although their consumption rate, and there-
fore their direct incidence on the commercial fish stocks, appears much
smaller. The abundance of each component of the trophic web is
strongly interrelated and explains the observation by Vikingsson et al.
(2014) that the reduction in the local stock of sand eel during the period
2003-2007 (Bogason and Lilliendahl 2008) rapidly translated into a
decline in the contribution of this fish species to the diet of minke whales
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during the same years.

Moreover, all the baleen whale species here examined are major
pelagic predators of euphausiids, and sei whales -and marginally fin and
blue whales- also consume copepods, and these two groups of organisms
are central elements of the macroplanktonic community in the cold
waters of the Northeast Atlantic Ocean. Copepods and euphausiids feed
on phytoplankton or small zooplankton and are thus at the basal levels
of the trophic web which, in one way or another, sustain most com-
mercial fish species in the region (Mauchline 1980, Astthorsson and
Gislason 1997). This should be highlighted because trophic network
analysis (Ruzicka et al., 2013) shows that the impact on commercial
fisheries of the indirect competition for zooplankton by baleen whales is
understood as being more intense than if the whales were directly
preying on fish or cephalopods. Indeed, baleen whale grazing is
considered to have a greater and broader potential effect on upper tro-
phic levels and on fisheries than the specific predation by the fully
piscivorous pinnipeds or odontocetes (Trites et al., 1997, Ruzicka et al.,
2013). The other side of the coin is that, beyond their role and impor-
tance as macro-zooplankton or fish consumers, baleen whales also
benefit fisheries by acting as food web structuring agents (Essington
2006, Willis 2007, Jusufovski et al., 2019), a fact that is valued posi-
tively for the maintenance of commercial fish stocks (Morissette et al.,
2012). For example, albeit small, the segment of the baleen whale
population that overwinters in Iceland (Magnusdottir and Lim 2019,
Lydersen et al., 2020) may play a role of nutrient recyclers in periods of
low productivity (Nicol et al., 2010, Roman and McCarthy 2010).

Interaction with fisheries involves another undesired effect, which is
the potential entanglement of the whales in nets or in other fishing gear.
The consequences of entanglement range from death by drowning, to
stress, impaired foraging and starvation, systemic infection of unre-
solved entanglement wounds, and hemorrhage or debilitation due to
severe gear-related damage to tissues (Cassoff et al., 2011). Even though
any of the species studied here is susceptible of becoming entangled in
fishing gear, the one that in other areas appears to be more strongly
affected by this problem is the humpback whale due to its coastal dis-
tribution and relatively high piscivorous diet. Thus, quantification of
entanglement rates using standardized scar-based techniques in the Gulf
of Maine, Alaska and the Arabian Sea indicated that well over 50% of the
individuals in these areas show signs of having experienced entangle-
ments in the past (Robbins and Mattila 2004, Neilson et al., 2009,
Robbins 2009). However, Basran et al. (2019) found that in Iceland the
prevalence of entanglement marks in humpback whales was about half
the above figures, this is, within the range 24,8-50,1%. They suggested a
number of reasons to explain the difference, such as a different risk of
entanglement caused by variations in the fishing gear used locally, a
lower fishing pressure in the wintering or summering destinations of the
whales or, because juveniles entangle more frequently than adults,
geographical dissimilarities in the demographic composition. Although
the question remains open, we should highlight that targeted preying on
fish has been in the past associated with high entanglement rates of
whales (Whitehead and Carscadden 1985). It is likely that the compar-
atively strong dependence on krill of the humpback whale in Iceland by
may contribute, at least partially, to reduce its entanglement risk in
these waters.

4.4. Evolution of interspecific relationships

A main question is how these ecological interrelationships will
evolve in the future. In humpback whales, which were sampled during
2009-2013, capelin represented only 12% of the assimilated diet, a
contribution that, as seen above, is much lower than what has been
observed in other feeding areas of the species (Whitehead and Car-
scadden 1985). Without discarding the potential interaction of other
factors, a possible explanation for the difference between geographical
regions is the progressive warming of seawater that appears to have
caused off Iceland a lower recruitment of capelin during the last decades
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(Vilhjalmsson 2002, ICES 2018). To this, it should be added the north-
ward shift in distribution of the 0-group of capelin and the westward
shift of old capelin reported in the last years (Palsson et al., 2012a), all
which have resulted in a decrease of this resource off coastal Iceland
during summer. In this scenario, the capelin consumers, mainly the
humpback and the common minke whales, may have increased their
dependence on krill and/or on other fish species not included in our
analysis, a shift that has already been observed in the common minke
whale of the Barents Sea (Haug et al., 2002). Such shift has been
demonstrated for common minke whales in Icelandic waters with
decreased krill and capelin consumption between around 1980 and after
2000, and increased proportions of herring and gadoids after the
collapse of sand eel around 2005 (Vikingsson et al 2014, 2015). Also, a
warming-induced mismatch in the phenology of reproduction with the
peaks of oceanic productivity may have major implications on the
reproductive success of some other prey species such as the sand eel,
another species which is in decline in Icelandic waters (Wright et al.,
2017) and that has reduced its contribution to the diet of whales (Vik-
ingsson et al., 2014). Very likely, the changes in distribution and
abundance observed in the different balaenopterid species in the region
during the last decades may be a functional feeding response to the
changes in the marine environment (Vikingsson et al., 2015).

The more generalist balaenopterids, particularly humpback and
minke whales, have shown great plasticity to adapt in the past to varying
environments (Kasamatsu and Tanaka 1992, Haug et al., 2002, Vik-
ingsson et al., 2014, Fleming et al., 2016) and should be expected to
react promptly to future changes. In recent decades there has been a
significant shift in relative abundance of humpbacks whales and com-
mon minke whales in the Icelandic shelf area. While the abundance of
common minke whales has drastically declined since 2001 (Pike et al.,
2020), humpback whales have increased in abundance so that they have
now taken over the role as the dominant baleen whale species in this
area (Vikingsson et al 2015). The overlap in these two species ecological
niches could indicate that inter-specific competition may have contrib-
uted to this shift. On the contrary, the more stenophagous species, like
the blue whale and, to a lesser extent, the fin whale, may face difficulties
if krill, their overwhelmingly basic prey, declines in abundance or varies
its phenology, distribution or pattern of occurrence. Anyway, it is
difficult to guess the directions that the dynamic equilibrium between
the various baleen whale species will follow in a scenario of climate
change. Theory predicts (Pianka 1974) that the upper limit on the
permissible degree of niche overlap between species shall tend to reduce
with the increasing environmental variability that it is expected to
accompany global warming (Vasseur et al., 2014, Vazquez et al., 2017).
This implies that, irrespective of the shifts in diet and distribution that
the different species opt to, their ecological overlap will have to further
reduce to allow long-term successful coexistence.

5. Conclusions

The Bayesian mixing models developed with the stable isotope data
showed that, with the exception of minke whales, all baleen whales
primarily fed on krill, with a variable contribution of copepods and fish
depending on the species. Because baleen whales are capital breeders,
the high krill availability characteristic of the feeding grounds off Ice-
land appears critical for these species for the completion of their
migratory cycle and population maintenance. In these feeding grounds,
the distribution of the various whale species substantially overlaps. This
triggers strong diffuse competition which is partially mitigated by some
degree of splitting in trophic niches. The only exception to this are fin
and blue whales, which largely overlapped in diet and coincide in the
feeding grounds during most of the feeding season. The strong depen-
dence on krill of all species may contribute to reduce the risk of entan-
glement in fishing gear, particularly of humpback whales. It is unclear
how the interspecific ecological relationships will evolve in the future
taking into account the environmental changes observed in Icelandic
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waters. It has been observed some variation in the distribution of the
various baleen whale species as a functional feeding response to sea
water warming and salinity changes, but it is expected that the overlap
in their ecological niche will have to reduce to continue allowing
coexistence.
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Are stable isotope ratios and oscillations consistent in all
baleen plates along the filtering apparatus? Validation of an

increasingly used methodology
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Rationale: Baleen plates are anatomical structures composed of inert tissue that
hang from the upper jaw in mysticetes. Baleen plates may differ in size and in
coloration between different segments of the filtering row or between sides of the
mouth. Concern has been raised that variation in baleen plate characteristics may
reflect dissimilar structural composition and growth rates liable to affect stable isotope

ratios and their oscillation patterns.

Methods: We measured stable carbon (613C values) and nitrogen (815N values)
isotope ratios at intervals of 1 cm along the longitudinal axis of six baleen plates
collected from different positions along the mouth of a fin whale. All samples were
analysed using a continuous flow isotope ratio mass spectrometer. Generalized
additive models were fitted to the data from each baleen plate and the results of the

models were compared visually.

Results: A total of 206 samples were analysed. Visually, all baleen plates presented
nearly identical oscillations, independent of the position or the coloration of the
baleen plate. However, the variation in 813C and 815N values occurring between the
different baleen plates was higher in the segments of oscillations exhibiting steeper

slopes.

Conclusions: Differences in size between plates in an individual are due to
differential erosion rates according to their position in the mouth. Therefore, the
position of sampling along the baleen plate row should not be a reason for concern

when conducting stable isotope studies.
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1 | INTRODUCTION

| PolSant! | Gisli Vikingsson? | Asuncién Borrell

| Alex Aguilar?

Rationale: Baleen plates are anatomical structures composed of inert tissue that hang
from the upper jaw in mysticetes. Baleen plates may differ in size and in coloration
between different segments of the filtering row or between sides of the mouth.
Concern has been raised that variation in baleen plate characteristics may reflect
dissimilar structural composition and growth rates liable to affect stable isotope ratios
and their oscillation patterns.

Methods:

isotope ratios at intervals of 1 cm along the longitudinal axis of six baleen plates

We measured stable carbon (8'°C values) and nitrogen (62°N values)

collected from different positions along the mouth of a fin whale. All samples were
analysed using a continuous flow isotope ratio mass spectrometer. Generalized
additive models were fitted to the data from each baleen plate and the results of
the models were compared visually.

Results: A total of 206 samples were analysed. Visually, all baleen plates presented
nearly identical oscillations, independent of the position or the coloration of the
baleen plate. However, the variation in 6*3C and 8N values occurring between
the different baleen plates was higher in the segments of oscillations exhibiting
steeper slopes.
Conclusions: Differences in size between plates in an individual are due to
differential erosion rates according to their position in the mouth. Therefore, the
position of sampling along the baleen plate row should not be a reason for concern

when conducting stable isotope studies.

Stable isotope studies can be carried out on any body tissue,

although each tissue has different discrimination factors and turn-

In the few last decades, stable isotope analysis has become a standard
tool in animal ecology studies, particularly to investigate diet composition,
migration and physiology of individuals in the wild.>? In marine mammals,
this technique has experienced substantial development® because these
animals are difficult to observe or handle, and therefore many of their
biological traits can only be determined through the application of
chemical markers. The stable isotope ratios of nitrogen (°N/*N,
expressed as §°N values) and carbon (*3C/2C, expressed as §1°C values)
are markers commonly used because they inform about diet, trophic level

and characteristics of the ecosystem in which an animal feeds.*”

over rates.8 1% Some bones, otoliths and teeth, as well as keratinous
tissues such as feathers, hair, nails or baleen plates, are biologically
inert, which means that their biogeochemical composition does not
vary after the tissue is consolidated. In the cases in which such
tissues experience continuous growth, a chronologically sequential
record of the environment in which the animal has lived is
preserved in successive growth layers. This property has been used
to infer variations in physiology or habitat use during periods of the
life cycle of individuals that otherwise would be impossible to

monitor.111°

Rapid Commun Mass Spectrom. 2018;32:1257-1262.
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Baleen plates grow continuously and therefore they sequentially
archive the stable isotopic seascape of the water mass in which a
whale lives or its variation in feeding regimes.***® Schell et al were
the first to measure stable isotopes ratios along the growth axis of a
baleen plate, obtaining a temporal record of recent movements and
diet.r? Since then, many studies have followed this approach to gain
information on migration and diet shifts in a variety of baleen whale
species.t”?°2% Because many whale species or populations stay
during part of their life cycle in unknown geographical destinations,
baleen plates provide an invaluable insight into these periods that
otherwise would remain obscure.

Baleen plates hang from the upper jaw in bilateral rows along the
rostrum and, depending on their position, they greatly vary in size;
those in the centro-posterior region are the largest, with sizes
diminishing caudally and distally.2* In addition, the color of the plates
varies between species but, more importantly, in some baleen whales
the color of the baleen plates may vary between different segments of
the row or between sides of the mouth. The heterogeneity in size
according to position in the mouth may be due to differences in the
baleen plate growth rates. If this were the case, the amplitude of the
oscillations of the stable isotope ratios along a baleen plate would
differ between plates of different size. In addition, differences in
coloration may reflect dissimilar structural composition, also
potentially affecting the isotope ratios. Concern about these issues
has been expressed in some previous studies but they have never
been addressed through specifically designed experiments, thus
remaining unresolved.'?-25-28

With the aim of optimizing the use of baleen plates to investigate
the ecology of mysticetes, we investigate here the potential effect
that non-standardized sampling of baleen plates may have on stable
isotope ratios and their oscillations along the plates. We have
examined the replicability of stable isotope patterns between the
baleen plates of the same fin whale, but occupying different positions
in the mouth and thus having dissimilar size and coloration. The fin
whale was selected because, as with most baleen whales, it
undertakes annual migrations alternating high-latitude summer
grounds with low-latitude winter grounds?® and clear oscillations of
the stable isotope ratios have been observed in their baleen
plates.17’27’30 In addition, the fin whale is the mysticete in which the
coloration of baleen plates shows the highest heterogeneity and
asymmetry,?’ thus permitting us to test for the potential effect of

bilaterality or coloration-related differences.

2 | EXPERIMENTAL

2.1 | Sample collection and preparation

The baleen plates were obtained from a 17.40 m male fin whale
flensed at the Hvalur H/F whaling station (Hvalfjordur, Iceland) on
8 August 2015. The samples were transported internationally under
CITES permit numbers 151S017MA and ESBB00207/15I. The length
of the baleen filtering apparatus on the right-hand side of the mouth
was measured and five plates were collected in roughly equidistant
positions from the tip - identified as A, B, C, D and E (Figure 1). An
additional plate, identified as O, was collected from the left maxilla
in the position equivalent to position C.

The baleen plates were labelled and initially preserved at -20°C.
Once at the laboratory, they were thawed, the gum was removed with
steel wool to allow adequate sampling of the keratin plate, and the
surface of the plate was cleaned for external or adhered materials using
steel wool and a chloroform-methanol solution (2:1). Once clean, the
plates were stored dry until analysis. The subsamples used for the stable
isotope analysis were extracted with a grinder delineating parallel rows
separated by 1 cm and starting from the proximal part of the baleen (that
most recently formed) to the most distal (the oldest part of the plate). The

number of subsamples varied between plates according to their length.

2.2 | Stable isotope analysis

Approximately 0.3 mg of powered subsamples was weighed into tin
capsules. Samples were automatically loaded and combusted at
1000°C to be analyzed using a continuous flow isotope ratio mass
spectrometer (ThermoFinnigan Flash 1112 elemental analyzer; CE
Elantech, Lakewood, NJ, USA), coupled to a Delta C isotope ratio mass
spectrometer via a ConFlo Ill interface (both from ThermoFinnigan,
Bremen, Germany). International isotope secondary standards of
known®3C/*2C and *°N/**N ratios, namely polyethylene (IAEA CH7;
813C = - 31.8%o), sucrose (IAEA CH6; 61°C = -10.4%o), ammonium
sulfate (IAEA N1; 8N = +0.4%o and IAEA N2; §'°N = +20.3%o),
potassium nitrate (USGS 34; 8'°N = -1.7%o), L-glutamic acid (USGS
40; 8N = -4.6%0; 8'°C = -26.2%0) and caffeine (IAEA 600;
81°N = 1.0%0; §°C = -27.7%o), were used to calibrate the system
and compensate for any analytical drift over time. The reference
materials used for the analysis were selected according to previous
calibration experiments performed on the same type of samples to ensure

that the range of the reference values spanned those of the samples.

FIGURE 1 Place of sampling of each plate. The total length of the filtering apparatus was 362 cm. The five plates from the right maxilla were
collected from roughly equidistant positions from the tip: A at 45 cm, B at 90 cm, C at 180 cm, D at 270 cm and E at 316 cm. Plate O was
collected from the left maxilla at the position equivalent to position C [Color figure can be viewed at wileyonlinelibrary.com]
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Stable isotopes ratios are expressed following the delta (5)
notation, while the relative variations of stable isotope ratios are
expressed as per mil (%o) deviations from the predefined international
standards according to the equation:

Rsample
_sample _q
Rstandard

86X =
where X is*3C or'°N, and Rsample and Rstandara are the heavy-to-light
isotope ratios (*3C/*2C and °N/*N) in the sample and in the
reference standards, respectively. These standards are the Vienna
Pee Dee Belemnite (V-PDB) calcium carbonate for °C and
atmospheric nitrogen (air) for >N. The precision and accuracy for
83C and 6'°N measurements were 0.1 and 0.3%o, respectively. These
analyses were conducted at the Centres Cientifics i Tecnologics of the
University of Barcelona (CCiT-UB).

2.3 | Data analysis

With the aim of visually comparing oscillations between the baleen
plates, the isotopic ratios of carbon and nitrogen were individually
examined by fitting a generalized additive model (GAM) to the data
in R.%2 Each model

was fitted by considering the isotope ratios of each element as the

from each baleen plate using the mgcv package®!

dependent variable and the length of the different baleen plates as
the independent variable. For each baleen plate and isotope ratio,
homoscedasticity and normality of the residuals were checked, and
models were adjusted by removing outliers and choosing the best k.
All the parameters are specified in Table S1 (supporting information).
Finally, results of the models were plotted to visually compare the
oscillations in each baleen plate.

The 8N and 8°C values were examined in the first 18 cm
(starting from the gum) of each plate, which roughly included the most
recent complete migratory cycle of the whale.!” Data were tested for
normality (Shapiro-Wilk test) and homoscedasticity (Levene's test),
and means and standard deviations were calculated for each baleen
plate. To investigate whether the variability between plates was
constant along the whole plate length, standard deviation values for

each data point were calculated and plotted (Figure 2).

3 | RESULTS

A total of 206 samples were analyzed. The pigmentation and number
of points analyzed for each baleen plate, as well as the mean and
standard deviations of §'°N and &*°C values in the first 18 cm of each
baleen plate, are detailed in Table 1. Standard deviations for each data
point along the first 18 cm of baleen plate length are shown in
Figure 2. Almost all data points had standard deviations around or
below 0.3, in agreement with the analytical precision of the §°C
and 6%°N measurements (see section 2). Despite this general trend,
some segments of the baleen plates showed higher standard
deviations. For 6'°N values this occurred in the first 3 data points
situated in the proximal part of the baleen plate, and for §'°C values
this occurred in the data points 14 and 15. In both cases these points

coincide with the segments of the baleen plates where the §°N and
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FIGURE 2 Standard deviation for 82C (green) and &°N values
(blue) for each sampling point along the growing axis of the baleen
plates [Color figure can be viewed at wileyonlinelibrary.com]

83C values undergo a rapid change (Figure 3). All the baleen plates
showed oscillations in their 8°C and 8'°N values along their growing

axis (Figure 3), and the trends were nearly identical in all baleen plates.

4 | DISCUSSION
Validation and standardization of the sampling of archival tissues to
infer ecological and physiological traits, variation in diet or migration
have been conducted in a number of species and for a variety of
keratinous structures, such as human and other animal hair, pinniped
vibrissae or bird feathers.!*33> These studies have involved
assessment of variability within individuals and within repeated
samples of the same individual. However, possibly because of the
difficulty of acquiring adequate samples, baleen plates have not so
far been subject to extensive methodological studies despite
expressed concerns about the potential non-replicability between
baleen plates from the same individual.

Schell et al*” and Lubetkin et al?® investigated oscillations
between two opposite plates in a bowhead whale (Balaena mysticetus),

and Caraveo-Patifio and Soto?> compared two consecutive plates in a

TABLE 1 Characteristics of plates analysed in this study and §*°N
and 83C values (mean * standard deviation) for the first 18 cm

Plate Pigmentation No. samples &N % s.d. (%) &°C * s.d. (%o)

A Yellowish 20 9.7 +0.7 -18.4 + 0.5
B Yellowish 29 9.8+0.5 -18.7 £ 0.5
C Grey 45 98 +0.5 -18.8 £ 0.5
D Grey 34 9.8 +04 -18.9 £ 0.5
E Slate grey 34 10.1 £ 04 -18.7 £ 0.5
(@) Grey 44 99+04 -18.7 £ 0.5
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FIGURE 3 Results of the GAM fitted for each baleen plate for §*°N
values (A, B) and 83C values (C, D) along the growing axis of the
various plates from the left row (A, C), and comparison of plates
occupying central positions in each body side: C the left-hand side and
O in the right-hand side (B, D) [Color figure can be viewed at
wileyonlinelibrary.com]

grey whale (Eschrichtius robustus). In all cases the oscillations found in
the various plates were very similar, although the plates selected had
in all cases been obtained from approximately the centro-posterior
part of the filtering apparatus, where the size of the plates is larger.
As a consequence, the potential effect of differential growth rates
according to plate size or position in the maxilla, if occurring, could
not be appropriately tested. Only two studies, that of Eisenmann

et al?®

in humpback whales (Megaptera novaeangliae) and that of
Bentaleb et al?” in fin whales, have compared pairs of baleen plates
of different size belonging to the same individual, obtaining in the
two cases dissimilar results: the first found nearly identical patterns
in each pair of plates, while the second found different oscillations
between the plates although the mean values of §*°N and &*3C for
corresponding segments of the plates were found to be similar.

With the aim of clarifying this issue, we analyzed six baleen plates
collected from different positions in the mouth of the same animal. The
highest variability between plates was found in segments of the baleen
plates in which the change in the stable isotope ratios occurs fast
(Figures 2 and 3). Due to such rapid modification in the stable isotope
ratios, small variations in determining the sampling location probably
produce large differences in the stable isotope ratio results. To overcome
this, we suggest that the segments of the baleen plates subject to faster
changes in stable isotope ratios should be sampled at smaller intervals

(e.g. a few millimetres apart) than the rest of the segments.

53

Nonetheless, the stable isotope ratios observed throughout the
baleen plates of different sizes, and sampled in different positions
along the filtering apparatus, presented nearly identical oscillations
(Figure 3). This similarity among isotopic patterns indicates that all
baleen plates grow at similar rates and that differences in plate size
are due to the differential erosion to which the plates are subjected
according to their position in the mouth, as has historically been
assumed.>¢%” Records of variation in thickness in different baleen
plates proceeding from a single animal suggest that short plates
present the same pattern as the long plates' upper part. Thus, shorter
baleen plates seem to be exposed to greater erosion than longer
plates.®® However, until now this hypothesis had only been confirmed
in grey whales.3%4°

Another potential source of heterogeneity in sampling between
plates is coloration. A number of mysticetes show some degree of
asymmetry in body pigmentation, and different segments of the
filtering apparatus may show dissimilar plate coloring. In the fin whale
(Balaenoptera physalus) the asymmetry is extremely marked: in the
left-hand side, the lower jaw is dark grey and the plates are grey, while
in the right-hand side the lower jaw is white and the rear two-thirds of
the plates are grey but those on the front third are yellowish.?? In the
sei whale (Balaenoptera borealis), most baleen plates are dark grey but
those in the front tend to be whitish.*! In the dwarf minke whale,
Balaenoptera acutorostrata,*> and in Omura's whale, Balaenoptera
omurai, baleen plates do not show marked asymmetry but the
coloration of the head does, although in the latter species the
asymmetry is reversed from that in the fin whale: the lower jaw area
is black on the left side and white on the right.**> The reasons for
the differences in coloration and size of the plates are unclear, but it
is generally accepted that they reflect dissimilarities in function
between mouth segments or sides.**

The potential effect of pigmentation on the stable isotope ratios
has been investigated in the skin of various species of cetaceans. Thus,
the ratios in the dorsal region of the body trunk (typically
dark-colored) have been compared with those in the ventral region
(typically white or pale-coloured) in striped (Stenella coeruleoalba) and
common dolphins (Delphinus delphis),*> bottlenose dolphins (Tursiops

),% and in all cases the

truncatus) and killer whales (Orcinus orca
resulting ratios were statistically undistinguishable. In addition, studies
in human hair have shown that loss of pigment has no effect on the
C/N, 8N and 8°C values,*”*® all indicating that coloration per se
should not be expected to have any effect on stable isotope ratios.
The asymmetric coloration of both the rostral region and the
baleen plates that occurs in some mysticetes is commonly thought
to serve in the maintenance of the countershading when the whale
rolls to its side during feeding lunges, or to aid in startling prey and
elicit its aggregation.*”>° However, this hypothesis does not appear
to be clearly supported by field data.** If the asymmetric variation is
limited to pigmentation, the above evidences from skin and hair would
point to a non-effect on stable isotope ratios of baleen plates of
different coloration. However, it can be reasonably argued that the
evolutionary forces that have brought different segments of the
baleen plate rows, or of different sides of the mouth, to acquire
dissimilar colorations may also reflect differences in function of the

filtering apparatus and therefore may have also affected the
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mechanical properties of the baleen and its structure, rate of growth
or rate of erosion. Thus, tendency to selectively roll to one side or
another during feeding may induce differential mechanical tensions
or differential erosion to the plates in each body side. Independent
of whether this is true or not, the results of the present study show
that the stable isotope ratios and their oscillation patterns were
indistinguishable either between plates displaying contrasting
coloration or between plates sampled in the same position of the

filtering row but collected from opposite sides of the mouth.

5 | CONCLUSIONS

We can conclude that all baleen plates, independent of their position
in the filtering apparatus, size or coloration, grow at the same rate
and display similar stable isotope ratios and oscillations. Differences
in size between plates in a same individual are thus solely due to
differential erosion rates depending on the position of the baleen
plates in the mouth. Therefore, position of sampling along the baleen
plate row should not be a significant source of concern with regard
to sampling for stable isotope studies. However, in the segments
where stable isotope ratios change rapidly, it is recommended that
sampling should take place at smaller intervals than in the other
segments to obtain a precise trend of the isotopic ratios along the
whole plate. In addition, with the aim of optimizing and standardizing
procedures, it is recommended that whenever possible baleen plates
should be sampled in the central position of the left row, which in
most species is dark-colored and among the largest in the filtering
apparatus, thus providing the longest time span for investigating
seasonal oscillations.
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Stable isotope ratios have proven a valuable tool to investigate marine mammal
ecology, including diet of species, distribution and migratory movements. While most
studies have focused on 815N and 813C values, 634S values have been little used
because their pattern of variation and tissue dynamics remain unclear. We examined
the sequential variation of 815N, §13C and 834S values along the baleen plates from
fin whales occurring off West Iceland in summer. All baleen plates exhibited
fluctuations along their growing axis. A significant synchronic correlation was found
between 615N and 034S values, while the relation of these values with 613C was
highly variable and inconsistent. These results were similar to those obtained in
previous studies in Greenland bowhead whales, although in fin whales the pattern of
the oscillations showed an increase in values during winter as opposed to bowhead
whales, which showed a decrease. Although seasonal variations in food intake and
the associated cycles of protein synthesis and catabolism may have played a role in
such fluctuations and the observed differences between species, we suggest that the
main driver for the 834S fluctuations reflected in baleen plates is the variation of local
baselines between winter and summer grounds. This suggests ample potential for
using 834S values to study migratory movements and destinations of marine

megafauna provided that the geographic variation in 634S baselines are clarified.
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ABSTRACT

Stable isotope ratios have proven a valuable tool to investigate marine mammal ecology,
including diet of species, distribution and migratory movements. While most studies have
focused on 8'°N and &'3C values, S values have been little used because their pattern
of variation and tissue dynamics remain unclear. We examined the sequential variation
of 6"°N, &'3C and &S values along the baleen plates from fin whales occurring off West
Iceland in summer. All baleen plates exhibited fluctuations along their growing axis. A
significant synchronic correlation was found between 3N and 3%*S values, while the
relation of these values with 3'3C was highly variable and inconsistent. These results
were similar to those obtained in previous studies in Greenland bowhead whales,
although in fin whales the pattern of the oscillations showed an increase in values during
winter as opposed to bowhead whales, which showed a decrease. Although seasonal
variations in food intake and the associated cycles of protein synthesis and catabolism
may have played a role in such fluctuations and the observed differences between
species, we suggest that the main driver for the &3S fluctuations reflected in baleen
plates is the variation of local baselines between winter and summer grounds. This
suggests ample potential for using 33*S values to study migratory movements and
destinations of marine megafauna provided that the geographic variation in &3S

baselines are clarified.

Keywords: baleen whale, Iceland, Stable isotope covariation, baleen plate, migration,

nitrogen, carbon, sulfur
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1. INTRODUCTION

Stable isotope analyses have proven particularly useful to investigate trophic ecology of
animals that are difficult to observe and study, such as baleen whales and other marine
mammals (Newsome et al. 2010; Ramos & Gonzalez-Solis 2012). Most studies in these
species have focused on nitrogen and carbon stable isotopes, which are sensible to
spatial and trophic variations (Newsome et al. 2010). Thus, the stable isotope ratio of
nitrogen ('*N/“N), denoted by the &'°N value, increases between 2 — 4%o at each trophic
step and therefore reflects the position of organisms in the food web (Caut et al. 2009).
However, it is also affected by other factors, such as spatial distribution (McMahon et al.
2013), nutritional condition (Hobson et al. 1993), or feeding on a protein rich diet (Florin
et al., 2011). In turn, the stable isotope ratio of carbon (3C/'2C), denoted by the &'3C
value, although it may also be influenced to some extent by trophic level (e.g. Caut et al,
2009), it mostly reflects that of primary producers; in marine habitats, low 3'3C values
are associated to pelagic habitats, and high values to benthic and coastal habitats
(Peterson & Fry 1987; Hobson et al. 1994; Hobson 1999). As a result, the combined use
of 8'°N and 8'3C values have been widely used to infer diet (e.g., Marcoux et al. 2012,
Lauriano et al. 2020), movement patterns (e.g., Matthews & Ferguson 2015), or trophic
niche partitioning between species or populations of marine mammals (e.g. Gavrilchuk
et al. 2014; Witteveen & Wynne 2016).

In recent years, stable isotopes of other elements have increasingly received attention
for their ability to provide complementary information to that provided by 8'°N and &'3C
values. In particular, the stable isotope ratio of sulfur (>*S/3?S), denoted by the 534S value,
has been occasionally applied to infer habitat use. Although &3¢S values of seawater
appear to vary little geographically, those for marine sulfate are generally higher than
those in terrestrial systems, similarly as it occurs with 8'3C values (Lott et al. 2003).
Therefore, in studies of marine mammal ecology, the application of 5%S values has
focused in distinguishing between individuals feeding inshore and those feeding
offshore, but not in assessing oceanic-scale movements (Nifio-Torres et al. 2006;
MacAvoy et al. 2015; Borrell et al. 2021; Garcia-Vernet et al. 2021). Some studies have
found correlations between 5'°N and §%S values (Matthews & Ferguson 2015) as well
as a 0*S trophic increase (McCutchan et al. 2003), and this has been taken as an
indication that %S values may be affected to some degree by factors other than the

ecosystem baselines, thus adding further complexity to the use of 534S values.

Baleen plates are particularly useful for studying the covariation over time of the stable

isotope ratios of different elements. Baleen grow continuously but, once the tissue that
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makes up the plate is deposited in the gum, it becomes biologically inert and thereafter
its composition remains stable. The continued deposition of baleen tissue produces a
layering that provides a sequential record of the body pool values at the various moments
in which the tissue was deposited. Taking advantage of this property, analyses of 5'3C
and 0N values in sequential layers of the baleen have been widely used to infer
migratory patterns and shifts in diet of mysticetes (Caraveo-Patifio et al. 2007; Bentaleb
et al. 2011; Matthews & Ferguson 2015; Aguilar et al. 2014; Eisenmann et al. 2016;
Reiss et al. 2020).

However, the only study so far published examining covariation of 534S values with those
of 8'°N and &'3C is that conducted by Matthews & Ferguson (2015) in three bowhead
whales (Balaena mysticetus) from Greenland. These authors found a positive correlation
between &3S and 3'°N which they attributed to the fact that 534S values may be affected
not only by environmental baselines but possibly also by a decline in food consumption

during winter.

The fin whale (Balaenoptera physalus) is a highly migratory species with an oceanic
distribution. It feeds intensively during the summer and severely reduces its food intake
during winter (Aguilar and Garcia-Vernet, 2018). In the North Atlantic, one of its main
summer feeding grounds is located off western Iceland (Vikingsson et al., 2009). The
fact that Iceland has a high concentration of active volcanoes due to its position on the
Mid-Atlantic Ridge and that the S values of volcanic emissions is lower than the mean
oceanic water values (Strauss 2004), allows us to constrain interpretations of variation
in 8%4S values along the baleen plates of fin whales feeding there. In this context, we
predicted: 1) If 534S variation is caused by the decrease of fractionation due to food
scarcity, winter values would be lower and correlated with 3'°N values, whereas 2) if 534S
variation is related to migratory geographical shifts (i.e. baselines), then 3*S values
would be lower in summer because of the influence of volcanism and not necessarily

correlated with 8'°N or 5'3C values.

2. MATERIALS AND METHODS

2.1. Sample collection

Baleen plates were obtained from ten fin whales caught off south-western Iceland and
flensed at the Hvalur H/F whaling station (Hvalfjérdur) in 2013 (n=5) and 2015 (n=5).
Export/import licenses under the Convention on International Trade in Endangered

Species of Wild Fauna and Flora (CITES) were obtained for this material from the
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respective Icelandic and Spanish authorities (permit numbers are: 151S017MA and
ESBB00207/15I, respectively).

To embrace the longest possible record, baleen plates were sampled from the mid-
posterior part of the baleen rack, where the largest and less eroded baleen stand. Baleen
plates differ in size in different positions of the mouth, but this difference does not affect
the stable isotope ratios oscillations because baleen growth rates are constant along the
baleen rack (Garcia-Vernet et al. 2018; Aguilar & Borrell 2021). Baleen were excised
complete from the gum and preserved at -20°C. Previous studies had shown that gum
has different stable isotope ratios than those of the baleen plate surface (Rita et al. 2019),
so the gum tissue was removed using a cutter. Any remaining adhered materials were
removed with steel wool, and the surface of the plate was cleaned using a (2:1)
chloroform-methanol solution. Once cleaned, baleen plates were stored dry until the

analysis.

2.2. Sampling and stable isotope analysis

Subsamples were extracted sequentially along the growth axis of the baleen using a
grinder at every centimeter starting from the proximal end of the baleen (that most
recently formed) to the most distal (that oldest formed). 30 points were subsampled from

each baleen plate (Fig. 1).

For conducting 6'°N and &'3C analyses, approximately 0.3 mg of each of the powdered
subsamples were weighed into tin capsules. Subsamples were loaded and combusted
at 1000°C to be analyzed using a continuous flow isotope ratio mass spectrometer
(ThermoFinnigan Flash 1112 elemental analyzer; CE Elantech, Lakewood, NJ, USA),
coupled to a Delta C isotope ratio mass spectrometer via a ConFlo Il interface (both

from ThermoFinnigan, Bremen, Germany).

For conducting %S analyses, approximately 1mg of each of the powdered subsamples
were weighed into tin capsules. Subsamples were loaded and combusted at 1030°C and
analyzed with an Elemental Analyzer (Carlo Erba 1108) coupled to a Delta Plus xp

isotope ratio mass spectrometer via a ConFlow Il interface (both from Thermofisher).

International isotope secondary standards of known 13C/'2C, 5N/'“N and 3*S/3?S ratios in
relation to Vienna Pee Dee Belemnite (V-PDB) calcium carbonate, atmospheric nitrogen
(AIR) and Vienna-Canyon Diablo Troilite (VCDT)) respectively were used to calibrate the
system and compensate for any analytical drift over time; namely: polyethylene (IAEA-
CH-7; 8"3C= - 31.8%o), sucrose (IAEA-CH-6; 5'3C= -10.4%.), ammonium sulfate (IAEA-
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N-1; 8"°N = +0.4%0 and IAEA-N-2; 8'5N = +20.3%o), potassium nitrate (USGS34; 5'N=
=1.7%o), L-glutamic acid (USGS40; &'°N= -4.6%o; 613C= —26.2%0) and caffeine (IAEA-
600; "N = 1.0%0; 8'3C= —27.7%o), barium sulfate (NBS127 %S = +20.3 and IAEA-SO-
6 534S = -34.1), barium sulfate salt (IAEA-SO-5; &3S = +0.5) and YCEM (5*S= +12.8.
Analytical precision for repeat measurements of the reference material, run in parallel
with the baleen subsamples, was 0.3%o for 5'3C, 0.1%. for '°N, and 0.1%. for &3S (1
SD, n =10).

12
11
)
£ 10
=z
0
9

Figure 1: Schematic figure showing the subsampling proceedings. At the bottom, a
baleen plate with the first 5 subsampling points, spaced at 1 cm intervals, is shown. The
left part of the baleen plate reflects the most recently synthetized tissue, which
corresponds to the signal acquired in Icelandic waters. At the top of the figure, there is
an example of the expected isotopic record after analyzing subsamples extracted along
the growth axis of the baleen.

All reference materials used for the analysis were selected according to previous
calibration experiments performed on the same type of tissue to ensure that the range

of the reference values spanned those of the subsamples.
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2.3. Statistical analysis

Mean and standard deviations were calculated for each baleen plate and isotope ratio.
A generalized additive model (GAM) was fitted to the delta values of C, N and S for each
individual. Each model was fitted to the results from each baleen plate by considering
the delta values of a given element as the dependent variable, and the length of the plate
as the independent variable. For each baleen plate and delta value, homoscedasticity
and normality of the residuals were checked using gam.check. To test whether the basis
dimension for a smooth was adequate to our data, we checked the k-index and p.value,
also provided by the gam.check function. Then, models were adjusted by removing
outliers and choosing the best k for each model. Parameters estimated for each model
can be found in TableS1. Finally, we used the GAM fitted to the 8'°N values to estimate
the baleen plate growth rates occurring during a year (complete cycle), calculated as the

distance between two sequential maximum peaks (Aguilar et al. 2014).

To assess the correlations among the three stable isotope ratios in the same individual,
cross correlation functions (CCF) were calculated and plotted for the different
combinations of isotope ratios in each baleen plate. Cross correlation functions between
two variables are useful to identify the lags in which the first variable shows higher
correlations with the second variable. All the statistical analyses were performed using
R version 4.0.2.

3. RESULTS

We obtained 8'3C, '°N and 84S values from 30 sampling sites from each baleen, which
totaled 300 subsamples. All baleen plates exhibited fluctuations along their growing axis,
but these fluctuations presented variability among individuals. The magnitude of variation
for 8'°N values along baleen plates was higher than for those of 3'3C and &3S values
(Fig 2, Table 1).

Distance between two maximum &'°N values showed consistence among individual's
oscillations, with one cycle being completed every 14-19 cm (mean = 16.8 cm, SD = 1.5
cm). However, two individuals presented different patterns: F15076 did not show clear
oscillations and the distance between 6'°N peaks could not be determined, while F15080
presented clearer oscillations but spacing between maximum &'°N values was shorter
than for the other plates (Fig 2) probably due to differences in behavior and not to a
differential growth rate (see Aguilar et al. 2014). As a consequence, these two individuals

were not included in the calculations of the mean cycle.
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The &"°N and 5%*S values followed strikingly similar oscillations. Values of the most
proximal part of the baleen plates, that is, the one most recently synthetized and which
purportedly reflects the isotopic ratios acquired in Icelandic waters during the summer,
were in most cases the lowest of the series. 5N and &34S values increased thereafter,
until reaching a peak in approximately the mid-position of the first oscillation period,
which purportedly reflects stable isotope ratios acquired during the winter season (see
results above). Thereafter, both isotopic ratios declined again to reach a second
minimum, purportedly corresponding to the previous summer. 3'3C patterns were not so
regular; they varied greatly among individuals, but they also fluctuated between low

values in summer and high values in winter.

Table 1: Minimum and maximum delta values obtained along the axis of each baleen
plate. In addition, for each baleen plate, means and standard deviations for each stable
isotope were calculated.

5'5N values 5'3C values 5%S values
Min - max (%0) Mean (%0) Min - max (%) Mean (%0) Min - max (%o) Mean (%o)

F13065 8.0-10.2 94+07 -198--184 -192+03 171-184 17.7+0.3
F13066 8.6-105 98+05 -193--184 -189+x03 17.0-184 178+04
F13068 8.6-11.7 10.3+09 -202--190 -196+03 174-186 18.1+0.3
F13073 9.8-111 105+03 -193--181 -187+x03 161-177 17204
F13076 9.3-124 11.1+£10 -19.7--190 -194+02 176-183 18.0+x0.2
F15078 8.7-105 96+05 -198--182 -190x05 176-19.2 184+04
F15097 7.5-10.9 98+08 -19.0--182 -187+0.3 178-18.8 184+0.2
F15086 7.9-105 93+07 -201--182 -192+04 173-184 18.1+0.3
F15083 54-10.0 87+11 -199--183 -191+05 175-184 18.0+0.2
F15080 7.5-10.3 92+08 -204--187 -194+04 172-185 18.0+x04

Significant correlations were found among the different stable isotope ratios in the same
baleen plate, reflecting synchronic patterns (Table 2). It is noteworthy that %S and 5'°N
values along each baleen plate showed significant and positive correlations at lag 0 in

the 10 individuals analyzed (Fig 3).
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Table 2: Number of baleen plates that showed significant correlation in their 5'°N, 673C
and 6%4S values determined in the sampling points along the baleen plates.

515N 5343
Positive corr Negative corr Positive corr Negative corr
538 10 0
513C 4 1 3 0

On the other hand, correlations among &'3C values and the other stable isotope ratios
presented larger variability (Fig S1, Fig S2) than between 3'°N and &S values. 6'3C
and 8'°N values significantly correlated at lag 0 in 5 out of 10 baleen plates (F13065,
F13076, F15078, F15097, F15083), and in one case (F13076) the correlation was
negative. 8'3C and 534S values presented positive and significant correlations in 3 out of
10 baleen plates (F13065, F15097, F15080), although in other individuals there were still
some patterns that could be discerned visually despite results in CCF being non-

significant (see for example F15078).

4. DISCUSSION

Baleen plates exhibited fluctuations along their growing axis for all the studied stable
isotope ratios. This is a common result in studies of this type conducted on baleen plates
and the fluctuations have been traditionally attributed either to migratory movements that
implied crossing different isotopic baselines, to seasonal variation in feeding patterns
and diet composition, or to a combination of both (e,g. Caraveo-Patifio et al. 2007;
Aguilar et al. 2014, Matthews & Ferguson 2015, Eisenmann et al. 2016, Eerkes-Medrano
et al. 2021). The amplitude and period of the fluctuations differed among individuals,
undoubtedly reflecting variation in migration pattern and/or feeding behavior among
individuals. The mean annual growth of baleen plates analyzed in this study was
estimated at 16.8 cm (SD= 1.5), value which is consistent with previous studies in fin
whales (Bentaleb et al. 2011, Aguilar et al. 2014, Riekenberg et al. 2021).

Fluctuations of 8'3C values were little pronounced and extremely variable among
individuals. In most cases they were not correlated with those of &3S or 8'°N values
and, in the few cases in which they were, the direction was not always the same. At least
two individuals showed a clear decrease in 8'C values during the winter season, while
the remaining individuals either did not show a clear pattern or an increase in '3C values

during the summer season. This made interpretation of results difficult. It is known that
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0'3C values are related to proximity to the coast and, to some extent, also to trophic
transfer which implies a slight increment of values when moving up through the food web
(Peterson & Fry 1987). At oceanic scale, 8'3C value baselines also exhibit latitudinal
gradients (McMahon et al. 2013), a fact that has been successfully applied to investigate
migration of right whales in the southern hemisphere (Best and Schell 1996). However,
the gradient of d'3C variation in the northern hemisphere is much lower than in the
southern hemisphere (McMahon et al. 2013), and it has been suggested that the lack of
marked oscillations in baleen plates of northern hemisphere minke whales could be a
consequence of that (Mitani et al. 2006). Starvation may also affect 3'3C values, but the
underlying mechanisms seem to be complex and still not fully understood (Doi et al.
2017). During fasting, both muscle protein and adipose tissue can be used as carbon
source; while muscle protein will produce '3C enrichment in the body’s carbon pool, the
use of adipose tissue as carbon source will produce the opposite effect, leading to 3C
depletion (Polischuk et al. 2001). This complex scenario makes it difficult to use 6'3C
values as indicators of fasting in the baleen plate records (Ishikawa et al. 2021). Although
we are not able to identify the specific mechanisms that drive variation in 3'3C fluctuation
of baleen plates, we attribute them to heterogeneities in the migratory and feeding

behavior of the fin whales that visit Icelandic waters.

Conversely, fluctuations in d'"N values were clear and quite consistent among
individuals. Values tended to be low in summer, when the samples had been collected,
and to increase during autumn and winter, confirming previous studies conducted on this
population (Garcia-Vernet et al. 2018). Like most mysticetes, fin whales alternate high-
latitude summer grounds, where productivity is high and permits intensive feeding, with
lower latitude winter grounds, where food is much scarcer and whales experience lower
food intake or are even forced to fast, but where water temperatures are warmer and
more suitable for calving (Aguilar & Garcia-Vernet 2018). Taking such a migratory regime
into account, oscillations in 315N values would be likely reflecting varying local baselines
potentially combined with variations in diet composition between seasons, as the stable
isotopic ratio of Nitrogen is strongly affected by trophic level (Peterson and Fry 1987;
Kelly 2000). The relative contribution of these two sources of variation on the oscillations
observed is difficult to discern, but it is highly likely that they result from a combination of

both factors.

0%S values were positively correlated with those of 3'°N in all baleen plates, in
concordance with results obtained in a previous study in bowhead whales (Matthews &

Ferguson, 2015). Matthews & Ferguson (2015) argued that the observed correlation
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could be mainly due to 2 reasons: i) decreased metabolic activity that affects both stable
isotopic ratios, and ii) a parallel covariation in the baselines of these two ratios in the
various grounds visited by the whales. The relative contribution of these two effects, if

existing, was impossible to disclose.

In general, %S values show slight differences among tissues (Arneson & MacAvoy
2005, Webb et al. 2017) and their discrimination between diet and the consumer tissues
is considered negligible (see for example Krajcarz et al. 2021). This appears confirmed
by the fact that different baleen whale species sharing a common feeding ground, but
exploiting different trophic levels, show very similar %S values (Garcia-Vernet et al.
2021). All this combined supports the idea that 3 %S values do not depend on trophic
position. However, some studies point to the opposite direction and indeed show the
existence of some degree of 534S trophic fractionation. If this process actually takes
place, trophic level and, to some degree, the protein content of the diet (McCutchan et
al. 2003) would be affecting similarly 3**S and 8'N and would thus induce positive
covariation. The apparent reason why trophic level has a greater effect on '°N values
than on &%4S values is that fractionation in the former is affected by the metabolism of
several amino acids, while in the latter it would be affected by the metabolism of two of
them, methionine and cysteine, the two sulfur amino acids that are incorporated into
proteins. Moreover, methionine is an essential amino acid, and therefore does not
typically participate in metabolic reactions involving fractionation, and cysteine is semi-
essential but it is in its turn synthetized from methionine (Brosnan & Brosnan 2006; Florin
et al. 2011). All this strongly limits the scope of the fractionation of 534S values, a process
that would only occur under certain circumstances, thus mitigating the effect of shifts in

trophic level or protein intake.

Baleen plates are mainly composed of amorphous keratin and alpha-keratin (Aubin et
al. 1984), and the vast maijority of the sulfur present in this protein comes from cysteine
(Wang et al. 2016). Cysteine is synthesized by deriving sulfur from methionine
(Finkelstein 1990), Cysteine, in turn, is the precursor of other sulfur-containing organic
molecules, and S fractionation seems to occur with cysteine catabolism (Tanz &
Schmidt 2010). In rats and humans, the catabolism of methionine and cysteine appears
to be restricted to situations of low food intake (Storch et al. 1988, 1990, Stipanuk et al.
1992). Thus, in periods of limited protein intake, 534S discrimination from diet to keratin
would presumably reduce, and lead to lower 534S values than when methionine and
cysteine are adequately supplied and easily catabolized (Matthews & Ferguson 2015).

According to these mechanisms, in the fin whales here studied we should have expected
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lower &**S values during the winter period of food scarcity, as Matthews and Ferguson

(2015) observed in bowhead whales.

However, our results match exactly the opposite pattern, with clear 534S peaks in those
segments of the baleen plate that were synthetized in winter, and lower values in
segments synthetized in summer. This would suggest that the recycling of proteins,
promoted by fasting or by a lowered consumption of protein, may indeed increase the
0%S values of the body pool, as suggested by Richards et al. (2003). These authors
found an unusual **S enrichment between low-protein diet and the hair of horses, which
they suggested was the result of a higher contribution to cysteine synthesis of
endogenous methionine sulfur, which would be 34S enriched compared to diet. Although
it is likely that in baleen whales sparse winter foraging and metabolic adaptations may
come into play to inactivate massive protein catabolism during winter (Aguilar et al.
2014), it cannot be excluded that some degree of protein recycling occurs. This might
have caused the observed increase of 534S observed in the Icelandic fin whales. If that
were the case, the winter increase of 534S values in fin whales would be consistent with
the findings of Richards et al. (2003). Its lower magnitude and variability among
individuals as compared to that of 6'°N value would be explained by the former only
reflecting methionine sulfur recycling, while the latter reflecting the recycling of nitrogen

from several amino acids.

Whatever the case, if %S is indeed affected by food intake and/or by protein catabolism,
and independently of the consequences of such effect, the question remains open as to
why the variation of the 534S values along the baleen plate is different between bowhead
and fin whales, two species that have traditionally been assumed to endure fasting during
winter or, at least, to be subject to stringent seasonal variations in food intake (Lowry &
Frost 1984; Aguilar & Garcia-Vernet, 2018). A main difficulty to answer this question it
that the actual magnitude of the seasonal variation in food intake occurring in the two
species, and its actual incidence on the body pool of the various elements and their
stable isotope ratios, still remains unclear (Aguilar et al. 2014; Pomerleau et al. 2018,
Fortune et al. 2020). Once this is clarified, it will be possible to ascertain the actual effect

that such variations would have on stable isotope ratios, particularly those of sulfur.

Baseline variation is a second plausible explanation for the observed fluctuations in 3+S
values. This hypothesis was also contemplated by Matthews and Ferguson (2015) in
their study on bowhead whales. They suggested that the Hudson Bay and Hudson Strait
environments, where bowheads overwinter, may be relatively depleted in %S, and this

would explain the decrease in 5*S values found in the baleen plate during winter. In the
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open waters of the oceans, %S values of dissolved sulfates lie around 21%. and are
generally accepted to be geographically very homogenous (Rees et al. 1978). Riverine
inputs are the main source of sulfates into the ocean, and they have 534S values around
8%o, but the range of their effect appears quite limited (Strauss 2004). As a result, the
differences between river and oceanic values have given use to the isotope ratios of
sulfur as proxies for determining inshore — offshore movements or distribution (Nifio-
Torres et al. 2006; MacAvoy et al. 2015; Borrell et al. 2021; Garcia-Vernet et al. 2021).
However, fin whales tend to remain outside the continental slope (Aguilar & Garcia-
Vernet 2018) so they shouldn’t be susceptible to the effect of riverine inputs. Moreover,
the lack of correlation between 8%*S and d'3C values in the baleen plates supports the
hypothesis that distance to the coast is not a main driver of the fluctuations in S values

observed here.

Another source of sulfur into the oceans are the undersea volcanic mountains that extend
along the mid ocean ridges. The 84S values of their emissions usually range between 3
and 13%o, and those associated to their volcanic activity range between -10 and 10%o
(Strauss 2004). Iceland is on the Mid-Atlantic Ridge and located in a tectonic and
volcanic hotspot (Einarsson 1991), and the &%S values of its geothermal wells vary
between —2.0 and +3.8%o, values that are extremely low as compared to those from other
regions (Marini et al. 2011). Unfortunately, seascapes of stable isotope ratios similar to
those published for other elements (e.g. McMahon et al. 2013) are not available for the
North Atlantic, but a potential explanation to justify the low 834S values observed in the
segments of the baleen plates that correspond to the periods when the fin whales occupy
waters near Iceland would be the local emissions, with characteristic depleted values of
volcanic origin. To our knowledge, no similar studies have been conducted with other
migrant species from Iceland. However, 534S values in skin from fin whales summering
in Iceland (Garcia-Vernet et al. 2021) were slightly 3*S depleted compared to those from
Mediterranean fin whales (Borrell et al. 2021): 18.8%o + 0.4 vs 19.3%o0 £ 0.4, respectively.
Such difference is statistically significant and would support the hypothesis of lower 534S

values in waters surrounding Iceland as compared to other regions.

Still, a further explanation that should be considered is the relative contribution in the
different water masses of the sulfur from anthropogenic sources (fossil fuel combustion
as well as emissions of SO2 and sulphate), which is typically characterized by relatively
low &%*S values, and that from marine biogenic sources, which is characterized by
relatively high &3S values (Lin et al. 2012). It can be speculated that the variation

observed along the baleen plates of fin whales may reflect the movement of the
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individuals from a summer environment located close to anthropogenic sources

(Iceland), to a winter environment located far away from these (the mid North Atlantic).

Adding to the restricted use that sulfur isotope ratios have had in the past to assess
inshore-offshore movements, our results indicate that they may be useful indicators of
the long-range movements and migrations of megafauna at oceanic scales. In particular,
inert tissues with continuous growth, such as baleen plates whiskers, nails, carapace
scutes, teeth or feathers (Ramos and Gonzalez-Solis, 2012), may be promising for
successfully detecting relatively low variations in isotopic patterns, as seen here for 534S
and &"°C values. However, with the present level of information we cannot apportion the
relative contribution of the various potential effects here adduced to explain the variation
observed in the 5%S values along the baleen plates of fin whales, nor even establish
whether they indeed have an actual effect. Further studies are needed to establish more
accurately the effect of trophic level and protein intake on the &**S values of whale
tissues and, particularly, on the actual patterns of geographic variation of such values in

the environment.
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Table S1. Parameters applied for the different GAM fitted for each baleen plate and
stable isotope ratio. R square and deviance explained by the model are specified.
Numbers in the outlier column represent the cm at which the sample was subtracted.

Individual Delta values K Outliers Rsquare Dev. Explained
F13065 034S 11 0.69 77.3
F13066 034S Default 0.80 84.8
F13068 034S Default 0.71 77.7
F13073 034S Default Cm19 0.91 93.4
F13076 034S 10 0.77 82.9
F15078 034S Default 0.85 88.4
F15097 034S 10 Cm 12,15 0.59 71.2
F15086 034S 13 0.78 86.9
F15083 034S Default 0.40 51.6
F15080 034S Default 0.86 89.2
F13065 015N Default 0.96 96.9
F13066 015N Default 0.90 92.5
F13068 015N Default 0.92 93.9
F13073 015N Default 0.92 93.7
F13076 015N Default 0.95 96.6
F15078 015N 13 0.90 93.3
F15097 015N Default 0.90 92.5
F15086 015N 14 0.68 76.3
F15083 015N Default 0.69 76.7
F15080 015N 11 0.77 84.3
F13065 013C Default 0.95 96.4
F13066 013C Default 0.94 95.3
F13068 013C Default 0.88 90.5
F13073 013C Default 0.90 92.9
F13076 013C Default 0.86 89.7
F15078 013C Default 0.97 97.8
F15097 013C 13 0.91 94.3
F15086 013C Default 0.80 85.9
F15083 013C Default 0.81 85.7
F15080 0613C Default Cm 12 0.76 81.0
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Order within chaos: Genetically unrelated fin whales may
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The life cycle of most baleen whales turns around annual migrations from low-latitude
breeding grounds to high latitude feeding grounds. In most species, these migrations
are traditionally considered to be carried out individually according to information
acquired through vertical social learning during the first months of life. However,
some recent studies have suggested a more complex scenario, particularly for the

species of the Balaenoptera genus.

Here, we studied variation of 815N values along the growth axis of the baleen plate
from 24 fin whales to delve into their pattern of movements and to identify potential
associations between individuals. The segment of baleen plate analyzed informed
about two complete migratory cycles. We performed cluster analyses through two
different methodologies and, whenever possible, we genotyped 20 microsatellite loci
from DNA extracted from most individuals to determine potential existence of kinship.
We detected a lack of significant population structure, which agrees with a winter
dispersion strategy. However, and despite the overall large variability, several pairs
of individuals with no kinship showed nearly identical isotopic patterns for two

consecutive years, indicative of long-term association.

Although fin whales are often sighted travelling in pairs, this is the first evidence that
such associations may be stable on the long-term. We also found some migratory
patterns that, although not identical, were shared by different individuals. This led us
to believe that some specific migratory regimes may be more beneficial than others
and may also provide support to the hypothesis that some fin whales from the

Icelandic feeding ground share the same migratory regime and destinations.
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1. ABSTRACT

The life cycle of most baleen whales turns around annual migrations from low-latitude
breeding grounds to high latitude feeding grounds. In most species, these migrations are
traditionally considered to be carried out individually according to information acquired
through vertical social learning during the first months of life. However, some recent
studies have suggested a more complex scenario, particularly for the species of
the Balaenoptera genus. Here, we studied variation of 5'°N values along the growth axis
of the baleen plate from 24 fin whales to delve into their pattern of movements and to
identify potential associations between individuals. The segment of baleen plate
analyzed informed about two complete migratory cycles. We performed cluster analyses
through two different methodologies and, whenever possible, we genotyped 20
microsatellite loci from DNA extracted from most individuals to determine potential
existence of kinship. We detected a lack of significant population structure, which agrees
with a winter dispersion strategy. However, and despite the overall large variability,
several pairs of individuals with no kinship showed nearly identical isotopic patterns for
two consecutive years, indicative of long-term association. Although fin whales are often
sighted travelling in pairs, this is the first evidence that such associations may be stable

on the long-term. We also found some migratory patterns that, although not identical,
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were shared by different individuals. This led us to believe that some specific migratory
regimes may be more beneficial than others and may also provide support to the
hypothesis that some fin whales from the Icelandic feeding ground share the same

migratory regime and destinations.

2. INTRODUCTION

In ecology, migration is defined as the seasonal movement between regions that
individuals or populations carry out to obtain more favorable conditions (Dingle and
Drake, 2007). Many taxa perform migrations and, in some species, individuals migrate
in groups, influencing each other and potentially leading to new social migratory
behaviors (Shellard and Mallor, 2020). In comparison to other aspects of migration, such
as departure time or migratory destinations, social factors have received limited attention
(Couzin, 2018). This is particularly true in highly mobile oceanic species, as is the case

with most baleen whales.

Most baleen whales undertake seasonal migrations with strategies that vary depending
on the species and population (Stern and Friedlaender, 2018). Historically, baleen whale
migrations have been considered as individual movements, alternating high-latitude
feeding grounds with low-latitude breeding grounds. However, recent research has
shown that the picture is more complex than previously thought, especially in the
Balaenopteridae family (see for example Geijer et al. 2016, Silva et al. 2013). One of
the most intriguing aspects is the effect of social interactions. Vertical culture, which is
the transmission of cultural traditions from parents to offspring, is perhaps one of the
clearest examples of this and appears to determine both migratory destinations and
phenology (Clapham et al., 2008; Valenzuela et al., 2009; Whitehead and Rendell,
2015). It appears that calves learn these from their mothers during the first months of
life. In some species, such as humpback whales (Megaptera novaeangliae) and southern
right whales (Eubalaena australis), individuals have been found to show fidelity to the
feeding and breeding grounds of their mothers, a fact that in the long-term end up
shaping the structure and genetics of populations (Valenzuela et al. 2009, Baker et al.
2013, Carroll et al. 2015).

In mysticetes, research on social learning and cultural transmission between non-related
individuals is scarce, and most studies have been focused on humpback whales, a
species in which songs and feeding techniques have been demonstrated to be
transmitted horizontally to non-related conspecifics (Garland et al. 2011; Allen et al.

2013). In addition, several studies have reported multi-year stable associations between
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individuals in the feeding grounds (Weinrich 1991, Ramp et al. 2010, Ziegesar et al.
2021), although long-term relationships between individuals are considered uncommon.
Knowledge of long-term social interactions in other baleen whale species, particularly in

species from the Balaenoptera genus, is to our knowledge non-existent.

The fin whale (Balaenoptera physalus) is a cosmopolitan species and one of the most
abundant baleen whales inhabiting the North Atlantic (Aguilar and Garcia-Vernet, 2018).
There is some uncertainty regarding stock structure within the North Atlantic but diverse
scientific evidence suggest that fin whales from 2-4 breeding populations migrate to
around 7 feeding areas during summer with considerable degree of site-fidelity to feeding
areas (International Whaling Commission 2007, 2009, 2017; Vikingsson and
Gunnlaugsson 2006). As it happens for the other Balaenoptera species, little is known
about social interactions occurring between individuals. In general, the fin whale is
considered non-gregarious, and the only known social bond is that between mother and
calf (Aguilar and Garcia-Vernet, 2018). However, fin whales are often seen swimming in
pairs and, with less frequency, in larger groups (see for example Vikingsson et al. 2009),
but the nature and duration of these associations are still unknown. Also, the obvious
occurrence in a closed population of individuals that are genetically related to each other,
such as parents/offspring, complete or half siblings, or even more loosely related
individuals (e.g. Pampoulie et al.,, 2013), may facilitate or promote some degree of
structuring in that population or of long-term association between the involved

individuals.

Stable isotopes may provide an insight into these associations because their ratios in
tissues reflect those from the environment in which the individual lives. They have been
widely applied to investigate the migration patterns of a large number of species,
including marine mammals (Hobson 1999, Newsome et al. 2010). From all the tissues in
which stable isotopes can be determined, keratinous tissues, such as baleen plates, are
particularly useful because their biochemical composition does not vary after the tissue
is consolidated (Ramos and Gonzalez-Solis 2012, Cherel et al. 2009). In addition, baleen
plates experience a continuous growth, preserving a chronologically sequential record
that reflects both the various environments visited by the whale and the changes that
have occurred in its diet. Thanks to this, it has been possible to study variations in habitat
use and diet during certain periods of the life cycle of individuals that would otherwise be
impossible to monitor (Caraveo-Patifio et al. 2007, Matthews and Ferguson 2015,
Eisenmann et al. 2016). Among the various elements that can be used for this purpose,

the stable isotope ratios of nitrogen (from here &'°N values) have received particular
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attention because they integrate information from both the movements between regions
with different baselines and the changes in diet (Kelly 2000, McMahon 2013).

Here, we studied variation of 5'°N values along the growth axis of baleen plates from
different fin whales from the same feeding stock to better understand their pattern of

movements, as well as to identify potential associations between individuals.

2. MATERIAL AND METHODS

2.1. Sampling

Baleen plates were obtained from 24 fin whales caught off south-western Iceland and
flensed at the Hvalur H/F whaling station, Hvalfjéréur, in 2013 (n = 5), 2015 (n = 9) and
2018 (n = 10). For all individuals except F18039 and the 5 individuals from 2013, skin
samples were collected from the dorsal region of the body (n=18). Samples were
transported from Iceland to Spain under CITES permit numbers, 15IS017MA,
18ISO36MA, ESBB00207/151, ESBB00107/18I. After collection and during transport,

baleen plates were preserved at -20°C.

Once at the laboratory, the baleen plates were thawed. Any adhered materials were
removed with steel wool, and their surface was cleaned using a chloroform-methanol
solution (2:1). Previous studies showed that gum has different 3'°N values to those of
the baleen plate surface (Rita et al. 2019), so the former was carefully separated from
the plate surface with a cutter and removed. Once cleaned, baleen plates were stored

dry until the analysis.

The samples of baleen plate tissue were extracted with a Dremel 300 series drill in 1 cm
intervals, starting from the proximal end of the baleen (the most recent tissue) to the
most distal (the oldest tissue). 40 sampling points were considered from each baleen

plate, which corresponds, approximately, to a period of 2 years (Aguilar et al. 2014).

2.2. Stable isotope analysis

Samples (approximately 0.3 mg each) were weighed into tin capsules and combusted at
1000°C to be analyzed using a continuous flow isotope ratio mass spectrometer
(ThermoFinnigan Flash 1112 elemental analyzer; CE Elantech, Lakewood, NJ, USA),
coupled to a Delta C isotope ratio mass spectrometer via a ConFlo Il interface (both

from ThermoFinnigan, Bremen, Germany).
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International isotope secondary standards of known '>N/'“N ratios in relation to the
atmospheric nitrogen (air), namely ammonium sulfate (IAEA N1; 3'°N = +0.4%. and IAEA
N2; 3'*N = +20.3%o), potassium nitrate (USGS 34; 6'°N=-1.7%o), L-glutamic acid (USGS
40; 8"*N= -4.6%0) and caffeine (IAEA 600; '°N = 1.0%.), were used to calibrate the
system and compensate for any analytical drift over time. The reference materials used
for the analysis were selected to ensure that the range of the reference values spanned
those of the samples. All analyses were conducted at the Centres Cientifics i Tecnologics
of the University of Barcelona (CCiT-UB).

Stable isotopes ratios are expressed following the delta (&) notation. The relative
variations of stable isotope ratios are expressed as per mil (%o0) deviations from the

predefined international standards according to the equation:
O'N = (Rsample ! Rstandard — 1) x 1000

where Rsample and Rstandard are the heavy-to-light isotope ratios (®N/'*N) in the sample
and in the reference standard (i.e. air), respectively. Analytical precision for repeat
measurements of the reference material, run in parallel with the skin samples, was 0.3%o

for 8'°N values.

From now on, samples of each year (2013, 2015 and 2018) will be treated as

independent datasets. All statistical analysis was performed using R (4.1.0 version).

2.3. Time series cluster analysis

To detect association or similarities between individuals in their 3'°N variation along the
baleen plate we performed time series cluster analysis for each dataset using two
different methodologies: one based on Dynamic Time Warping (DTW) and one based

on Cross Correlation Functions (CCF)

2.3.1. Dynamic Time Warping (DTW) cluster analysis

DTW is an algorithm designed to find an optimal alignment between two time-dependent
sequences that may contain different time-steps (Maller, 2007). DTW applies a lag to
each point of a series to find the best fit on the other series. Unlike the cross-correlation,
DTW can apply a different lag to each point, thus accounting for changes in baleen plate
growth rate and sampling errors. This technique has the advantage of providing similarity
values based on the overall shape of the time-series (Aghabozorgi et al. 2015).
Therefore, DTW is useful when comparing baleen plates records, especially in segments
where the stable isotope ratios change fast, as is the case in fin whales (Garcia-Vernet
et al. 2018).
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Cluster analyses were performed in R (R version 4.1.0) for each dataset (i.e. whales
sampled in 2013, 2015 and 2018) with the dtwclust package (Sarda-Espinosa 2017). We
used a Sakoe-Chiba window, the size of which was 10% of the length of the series
(Sarda-Espinosa 2017). Other settings were established as follows: distance measure:
dtw2; centroid (prototyping function): DBA; type (clustering method): hierarchical;
agglomeration method for hierarchical clustering: complete; other parameters: default.

We plotted the results as dendrograms using the dendextend package.

2.3.2. Cross Correlation Functions (CCF) cluster analysis

Instead of warping the time series for finding the best alignment, as the preceding DTW
algorithms do, CFF calculates the lag in which the two time series are most correlated
by displacing one with respect to the other. Taking into account the lag, it measures the
correlation between the two time series. This methodology is more conservative with the
original shape of the time series, but it is liable of being more affected by outliers than
DTW analysis. To mitigate this effect, we used an adaptation of the Manhattan distance

to calculate the similarity between the aligned time series.

We performed CCF to each possible pair of individuals inside each dataset, this is: 10
combinations for the 2013 dataset; 36 combinations for the 2015 dataset, and 45
combinations for the 2018 dataset. To avoid the comparison of tissue synthetized during
different seasons, we fixed a maximum lag of 3 centimeters. We stored the optimum

lag for each pair of baleen plates.

Dissimilarity between each pair of individuals was calculated using an adaptation of

Manhattan distance:

2111 |515Nik - 615Nj(k+lag)|
n

Dissimilarity (adapted Manhattan distance) =

Where i and j are two individuals from the same dataset, k is the sample position, n is
the total number of samples being compared, and lag means the optimum lag estimated

for the “ij” pair before performing the data extraction.

We estimated the robustness of the results using a jackknife-like technique. 1% of the
values in each dataset (4 values for 2019 and 2015 and 2 values for 2013) were randomly
extracted and the dissimilarity index was again estimated for all the possible pairs. These
dissimilarity measures were used to perform a second clustering analysis using the
function hclust with the default parameters. This process was repeated 10.000 times for

each dataset and stored all produced models as a list of “phylo” objects.
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We used the ape package (Paradis and Schiliep 2019) to obtain a consensus
dendrogram using the function “consensus”. The proportion for a clade to be represented
in the consensus tree was fixed as 0.95 (p = 0.95). We used the function “prop.clade”,
which counted the number of times that bipartitions were present in all the trees
computed, as an approximation of the clades support. We plotted the results as

dendrograms using the dendextend package.

2.3.3. Adaptation of Manhattan distance — visualization

Finally, we visualized the results of the adapted Manhattan distance, used as dissimilarity
measure in the CFF clustering. We calculated the Dissimilarity for each pair of individuals
of the original dataset without extracting any datapoint, and performed a cluster analysis

using the function hclust with default parameters.

We plotted the cluster results, together with its dissimilarity measures, by using the
function heatmap. We applied a row scaling to improve the visualization. Row scaling
does not play a role in the clustering analysis but only serves to display the colors
representing the dissimilarity measures between pairs. To finish, we printed a list with

each individual and the corresponding pairs that showed lower dissimilarity values.

2.4. Visual exploration

We considered that two or more whales were probably associated when they met the

following requirements:

i) Individuals were grouped together by the DTW cluster analysis.
i) Individuals were grouped together by the CFF cluster analysis.
iii) Individuals presented a low dissimilarity measure in the CFF clustering when

all datapoints are analyzed (Material and Methods 2.3.3.) compared with their
other possible pairs (top 1 in case of the 2013 dataset, top 2 in case of the
2015 and 2018 dataset).

For all pairs or groups of whales that met these 3 requirements, we visually explored the

similarities between these individuals by plotting their raw data.

2.5. Genetic analysis

2.5.1. Laboratory analyses

For individuals for whom skin samples were available, total-cell DNA was extracted
from tissue samples either by standard phenol:chloroform extractions (Sambrook et al.
1989) or using the Qiagen DNeasy™ Blood and Tissue Kit (Qiagen Inc.) according to

the manufacturer’s instructions. Extracted DNA was re-suspended in 1x TE buffer
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(10mM Tris-HCI, 1mM EDTA, pH 8.0). The sex of each sample was determined from
extracted DNA by molecular sex determination as described previously by Bérubé &
Palsbgll (1996a) and Bérubé & Palsbgll (1996b)

The genotypes were determined at 20 microsatellite loci, using the following
oligonucleotide primers: EV001, EV037 and EV094 (Valsecchi & Amos 1996),
GATAO028, GATA098, GATA417, and TAA023 (Palsbgll et al. 1997), GT011 (Bérubé et
al. 1998), GT023, GT211, GT271, GT310, and GT575 (Bérubé et al. 2000), AC087 and
CA234 (Bérubé et al. 2005), GATA25072, GATA43950, GATA5947654, GATA6063318,
GATA91083 (Bérubé et al., in prep). Samples were genotyped in multiplex PCR
reactions, using the MM2X™ Multiplex kit Plus (Qiagen Inc.) in 5uL reaction volumes.
The thermos-cycling conditions were: 2 min. at 94°C, followed by 35 cycles at 94°C (30
sec.), 57°C (90 sec.) and 72°C (30 sec.) followed by a final cycle at 68°C (10 min.). The
PCR products were separated by capillary electrophoresis using an ABI 3730 (Applied
Biosystems ABI Prism™ 3730). The size of the amplification products was estimated
using the Genescan ROX-500 size standard (Applied Biosystems Inc.) and
GENEMAPPER™ (v. 4.0; Applied Biosystems Inc.).

2.5.2. Relatedness analysis

Allele frequencies, observed and expected heterozygosity as well as the probability of

identity for each locus was estimated using the software GIMLET v. 1.3.3 (Valiere, 2002).

Relatedness between individuals was identified using the maximum likelihood approach
implemented in ML-RELATE (Kalinowski et al. 2006). This software can accommodate
for the presence of null allele; which is calculated using the Hardy-Weinberg test for
excess homozygotes. If null alleles are present, they are then specify and all following

calculations use the maximum likelihood estimates of the frequency of the null alleles.

2.5.3. Relationship analysis

The relationship (i.e., unrelated, half-sibling, full-sibling, parent-offspring) between pairs
of individuals was investigated using ML-relate. ML-relate indicates the relationship (R)
with the highest likelihood LnL(R) and specifies how much lower the log-likelihood Delta
Ln(L) are for the other relationships. The confidence was estimated with levels of
confidence of 0.75, 0.50 and 0.25.

For the individuals with similar stable isotopes profiles, we then statistically assessed the
reliability of our results by performing a “specific hypothesis test of relationship”,

implemented in ML-relate, that attempted to exclude an alternative relationship (here
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“Unrelated”) by performing 50,000 simulations. We considered that the relationship was
much more likely than “Unrelated” when p-values were lower than 0.05 (Kalinowski et al.
2006).

3. RESULTS

The total number of samples analyzed from the 24 fin whale baleen plates was 960.
Mean and standard deviations of 8'°N values for each individual are detailed in Table
S1.

3.1. Time series cluster analysis— DTW and CCF clustering

Results from the DTW and the CFF hierarchical clustering are shown in Figure 1. The
topology of dendrograms differed between the two methodologies. CCF dendrograms
presented polytomies, which corresponded to the clades with p < 0.95. Although we
found large variability between individuals, several pairs or small groups of individuals

were consistently grouped together, regardless of the clustering method.

Dendrograms for the 2013 dataset showed one common pair, composed by the
individuals F13076 (male) and F13066 (male). The remaining dendrogram structure was

different between the two methodologies (Figure 1A).

Dendrograms for the 2015 dataset differed in their general topology. However, two pairs
were common between the two methodologies: F15080 — F15088 (male, male) and
F15083 — F15079 (female, female). In CCF cluster analysis, only three dendrogram
clades were well supported: those of the aforementioned pairs, and the cluster with
individuals F15080, F15088, F15084 and F15086 (two males and two females), that

were also grouped in the DTW cluster (Figure 1B).

Finally, dendrograms for the 2018 dataset also presented differences in the general
topology. We only found one common pair in both dendrograms, composed by
individuals F18054 (female) and F18043 (female). All the remaining tree topologies
differed between methodologies, although we found a consistent group of three
individuals (F18050, F18007, F18009, one female and two males) in them. In addition,
CFF analyses detected two more pairs, although they were not supported by DTW

analyses (Figure 1C).
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3.2. Adaptation of Manhattan distance — visualization

To visualize the dissimilarity between each pair of individuals, we plotted our results
using the heatmap function in R, and we printed a list with the individuals and the
corresponding pairs that showed lower dissimilarity values, i.e. more similarity (Figure 2,
Table S2).

e
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Figure 2: Heatmap showing the results of the CCF clustering and its dissimilarity values
(based on the adapted version of the Manhattan distance), for 2013 (A), 2015 (B) and
2018 (C) datasets. CFF clusters were performed using all the data of each dataset,
without extracting any point. Colors of the heatmap are indicative of the dissimilarity
values between each pair of whales. Lighter colors indicate higher similarity between
individuals.

In general, we observed a great variability among individuals, without any clear group
structure apart from the similarities between specific individuals. This result was in
concordance with the low supports obtained in the CFF dendrograms topologies (Figure
1). The only exception was found in the 2018 dataset (which corresponds with the best
supported dendrogram of the CFF clusters), where we found a group of whales with low
dissimilarity measures among all the individuals. The group (showed in Fig 2 C; yellowish
lower left quarter) was composed of whales F18050, F18007, F18009 (which were also
grouped in the previous analyses) and F18043 and F18054 (which were grouped as a

pair in the previous analyses).

3.4. Visual exploration

Four pairs of fin whales met all the similarity requirements. Their 8'°N patterns along the
baleen length are shown in Figure 3. In addition, we plotted the &'°N patterns of two more
groups of whales that also clustered together (Figure S1, Figure S2), although the

internal structure was not the same in the two methodologies.

94



12 -
ST ,ru" . M
<= .:.-'..-:' *e "".'::.::‘o' 7 _ . % *e
é 104 L) I.. ., “o}" V /\ ."=¢ .\ ,:”:a
= ) \ .f. . o, '/ See, [ 5:... .
“.—’lo L -\ A \,.2:\.'. \’/ / \‘. /-1:‘:\ .
8 - - d . .l' s \I o./
. \.
6 - ——F13066 -1 < F18043 \ /
——F13073 -+ F18054 e
lag= 1 lag= 3
I T T T I T T T 1
12 -
cl..
2 10 ] ese i / . '.I'.\-. ."3-- f.'of.
= -'.' ! '\..\. :3 . /.\i . . o'e .‘\e o . / !
- «® Jf. . .-5 s./ A L .So\ o 8 ..f .\\. '\ ;
6 — —+F15083 \jo - —+—F15088
——F15079 . —=— F15080
lag= -1 lag= 2
T T T T 1 I T T T 1
0 10 20 30 40 0 10 20 30 40
Lenght (cm) Lenght (cm)

Figure 3: 6'°N patterns along the baleen length of the pairs of individuals which met all
the similarity requirements: one pair from 2013 (F13076—F13066), two pairs from 2015
(F15080-F15088, F15083-F15079) and one pair from 2018 (F18043-F18054)

Contrasting with the variability found in all the datasets, some pairs of individuals,
detected through the clustering analyses, showed similar patterns along all the baleen
plate growth axis, being in some cases (see for example F15088 and F15080) practically
identical (Figure 3). In addition, one group of three (F18050, F18007, F18009) and
another group of four whales (F15080, F15088, F15084 and F15086) also showed
similar patterns (Figure S1), particularly between individuals F15080, F15088 and

F15084.

3.5. Genetic Analyses

DNA was extracted from 18 individuals, 9 samples from 2015 and 9 samples from 2018.
Standard statistics of the microsatellite loci are summarized in Table S3. None of the
microsatellite loci deviated from expected Hardy-Weinberg genotypic frequencies. The
probability of identities were estimated between 1.19 x 102 and 2.91 x 10" while the
sibling probability of identities range between 2.93 x 10! and 4.90 x 10'. Two
microsatellite loci presented possible presence of null allele, GATA028 and GATA43950,
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The relatedness values (R) between fin whales from 2015 and 2018 (Table S4) were
estimated between 0 and 0.21. However, no relationships could be assessed with a
significant level of confidence (0.05 level of significance). An additional specific test was
performed for the individuals with similar stable isotopes profiles, to ensure that the
individuals were not related. The p-value for all the comparisons was higher than 0.05,

supporting the previous results.

We would like to note that with 20 microsatellite loci, the statistical power to identify half-
siblings is much lower than to identify parent-offspring pairs. In our study, the resulting r
values are very low (below 0.15, non-significant), therefore, we consider that the

hypothesis that our individuals are unrelated is plausible.

4. DISCUSSION

Understanding baleen whale migratory behavior remains challenging, especially when
individuals are outside the feeding grounds. With the aim of contributing to fill this gap of
knowledge, we analyzed 6'°N values in every cm along the growth axis of 24 fin whale
baleen plates. Assuming a mean growth rate of the fin whale baleen as 20cm (Aguilar et
al., 2014), the total period embraced by the study corresponds to 2 years, that is, the two

most recent complete migratory cycles.

In most baleen, 6'°N values showed oscillations along the baleen growth axis. However,
the variability of these oscillations between individuals was very large, which explains
why the different cluster methodologies failed to identify a common structure. Compared
to other baleen whales whose migratory behavior is better known, such as humpback
whales, the migration of the Balaenoptera species seems to be less regular and
predictable, particularly in the North Atlantic, and individuals appear to disperse in
offshore waters during winter (Mackintosh 1966, Payne and Webb 1971, Whitehead and
Rendell, 2015; Aguilar and Garcia-Vernet, 2018). Winter dispersal may provide some
advantages, such as a better chance of feeding opportunistically during migrations and
the breeding season (Silva et al. 2013, Silva et al. 2019), but it may also present some
disadvantages, such as hampering communication and coordination between

conspecifics.

Surprisingly, despite the overall large variability in 8'N values oscillations observed
among individuals, several of them, with no kinship, exhibited similar patterns along the
growth axis of the baleen plate during the two consecutive years of isotopic record. This

similarity was particularly noteworthy in four pairs, with some of them showing almost
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identical patterns. We hypothesize that these results could denote the existence of a

long-term relationship between the involved individuals.

The fin whale, as most other balaenopterids, is generally believed to be non-gregarious
during winter (Aguilar and Garcia-Vernet, 2018). Conversely, loose aggregations of up
to tens of whales may be seen in the feeding grounds, although most commonly fin
whales are encountered as singles or pairs (Vikingsson et al., 2009; Joiris et al. 2014);
indeed, the larger aggregations are likely ephemeral and driven by the aggregation of
prey. In some Balaenopterids, the smaller groups, usually of 2—3 individuals, seem to be
more stable during the feeding season. For example, humpback whales show multi-year
stable associations while they are at the feeding grounds, mostly involving pairs of
individuals (Weinrich 1991, Ramp et al. 2010, Ziegesar et al. 2021). While in this species
the main reason behind the association may be having a higher success in feeding
through reciprocity or by-product mutualism through coordinated feeding behavior (Wiley
et al., 2011), it has also been suggested that pairs involving one male and one female
may be related to a breeding strategy (Weinrich 1991). However, it is considered
improbable that long-term relationships are maintained throughout the year, because the
associations in the feeding grounds are different than those in the breeding grounds
(Ramp et al. 2010).

Other Balaenopterids, and very particularly fin whale, depart from this behavior. While at
the feeding grounds, the fin whale does not often engage in cooperative feeding and its
migratory and breeding behavior is apparently very different than that of humpback
whales. Thus, the winter dispersion that appears to be the rule in fin whales evokes a
scenario in which collective migration and long-term associations are unlikely.
Nevertheless, in other groups of animals, collective migratory strategies may evolve even
when social encounters are rare, demonstrating that social interactions still may play an

important role in sparse organisms (Guttal and Couzin 2010).

Fin whales, and other baleen whales such as blue whales, produce low-frequency pulses
which can propagate over long ranges in the ocean (Payne and Webb 1971). It seems
that the main reason for producing these sounds is to attract females and indicate to
them the location of prey patches (Croll et al. 2002, Romagosa et al. 2021). However,
the sounds may also be used during migration and throughout the winter season to
coordinate the behavior between individuals, as has been observed to happen in blue
whales (Oestreich et al. 2020). Fin whales may be able to stay in acoustic contact over
hundreds of kilometers, and can thus migrate as a group even when animals are spread

out over a wide area and apparently travelling alone (Stern and Friedlaender 2018). The
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sharp similitude between the 815N value oscillations observed between the baleen
plates of some individuals make it reasonable to hypothesize that individual fin whales

may associate in a more stable manner than commonly considered.

Long-term associations may provide clear benefits to the individuals involved in such
relationships. While group feeding is not so frequent and never as complex as in the
humpback whale, cooperation and synchronic foraging yields a higher feeding success
in fin whales (Canese et al. 2006, Ladron de Guevara et al. 2008). This can be useful
while at the feeding grounds, but might be even more important for obtaining
opportunistic meals at the breeding grounds or during migrations, a situation in which
prey is sparser and the energetics of feeding are more compromised. Also, travelling in
small groups may also improve the detection of prey patches in low-productive areas by
combining the sensory abilities of the various animals belonging to the same group
(Couzin 2008, Stern and Friedlaender 2018).

Besides the above, associations between whales may also provide advantages to
reproduction. For example, associations between males and females are frequent during
the summer feeding season in blue whales (Sears and Perrin 2018, Schall et al. 2020)
and in humpback whales (Weinrich 1991, Cartwright and Sullivan 2009), likely because
males provide protection from harassment from other males to females and their calves
(Cartwright and Sullivan 2009). In our study we did not find any male — female pair, but
three out of four pairs were composed by females and alliances between females may

also provide protection against male aggression (Cartwright and Sullivan 2009).

We did not find any specific genetic relationship between individuals that showed similar
migratory patterns, so the associations cannot be linked to previously found matrilineal
or other consanguinity ties within the collective of whales exploited off western Iceland
(Pampoulie et al., 2013). Long-term associations between kin-related individuals are
known to occur in odontocete species (see for example Rendell et al. 2019) and maybe
in humpback whales, a species in which maternal lineages have an influence on social
relationships (Weinrich et al. 2006). However, in this last species the associated
individuals do not often show kinship (Valsechi et al. 2002, Pomilla and Rosenbaum
2006). It has been adduced that long-term association between non-related individuals
could provide an opportunity to modify and improve the vertically learned migratory
routes and then transfer them to offspring (Sasaki and Biro 2017, Berdahl et al. 2018).
As a result of this, vertical and horizontal transference of migration, breeding and feeding
grounds can create an collective memory (Stern and Friedlaender 2018). As has been

shown in other animal groups, adopting the parental migratory route in adult life, rather
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than dispersing randomly, may increase an individual’s reproductive success because
that strategy has already been proven to allow successful breeding (Harrison et al.,
2010). Such behavior could have relevant consequences for the long-term stability of the
population because, if all individuals with that knowledge are extirpated from the

population, this information may be lost (Clapham et al. 2008).

Finally, we cannot discard the possibility that the similarities observed in the baleen 5'°N
value oscillations may be due to factors other than stable associations of individuals. For
example, some specific migratory regimes may be more beneficial and then be shared
between individuals without the need of them being physically associated. This
alternative explanation could be especially true for the groups detected during the
clustering analyses. The group found in 2015 was composed of four individuals, while
that found in 2018 was composed of three individuals. Since fin whales rarely travel in
large groups (Vikingsson et al., 2009; Joiris et al. 2014), it seems unlikely that the
observed grouping is the consequence of long-term spatial associations. Instead, the
putative groups detected may reflect some degree of structure in the fin whales visiting
western Icelandic waters in the summer. Thus, genetic analyses have shown that fin
whales from the same feeding ground may use different breeding grounds (Bérubé et al.
1998), and this may be the case for western Iceland, where the community of whales
visiting the region may be composed of a mixture of several breeding populations or sub-
populations (International Whaling Commission, 2009). It may be the case that whales
clustered together share the same migratory regime and destinations, and thus have a
common and distinctive isotopic signal, without having necessarily to migrate spatially
together. Alternatively, the grouping may reflect spatial and/or temporal segregation
according to age and sex within the population, that has been demonstrated for fin
whales in this area and elsewhere (Martin 1982, Bérubé et al. 2001), including the
possibility of remaining in high northern latitudes even in the winter (Lydersen et al.
2020).

The stable isotope values alone cannot discriminate the different possible explanations
here suggested, but other approaches and methodologies are required to resolve this
issue. Clarification is likely to come with the combined use or satellite tracking (Silva et
al., 2013; Jiménez Lopez et al. 2019, Lydersen et al. 2020), advanced genetic analyses
(Bérubé et al. 1998, Cabrera et al. 2019), the pattern of vocalizations (Delarue et al.,
2009; Morano et al., 2012), or the use of other chemical and biochemical tracers such
as fatty acids or indicative natural or xenobiotic markers (Hobbs et al., 2001; Olsen et
al., 2003; Vighi et al., 2015; 2019).
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In summary, despite all the variability in the 815N value oscillations patterns observed
between individuals, some of them present an almost identical migratory pattern along
two consecutive years. This is taken as evidence of long-term associations between the
involved individuals a finding that, to our knowledge, has not been previously reported
for any Balaenoptera species. In addition, we found some groups of whales that showed
similar —though not identical- patterns, which may reflect some degree of internal

population structure.
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Table S1: Mean and standard deviations of 8'°N values for each individual. Sex of each
animal is also indicated.

Individual Sex Year Mean SD
F13065 Female 2013 9.27 0.65
F13066 Male 2013 9.96 0.62
F13068 Female 2013 10.32 1.04
F13073 Male 2013 10.50 0.49
F13076 Male 2013 11.09 1.07
F15078 Male 2015 9.38 0.70
F15097 Female 2015 9.68 1.11
F15086 Female 2015 9.28 0.72
F15083 Female 2015 8.91 1.21
F15080 Male 2015 9.33 9.76
F15079 Female 2015 8.92 1.04
F15084 Female 2015 8.98 0.73
F15087 Male 2015 9.29 1.07
F15088 Male 2015 9.36 0.74
F18044 Female 2018 10.91 1.62
F18043 Female 2018 8.79 1.18
F18038 Female 2018 10.53 1.21
F18050 Female 2018 9.54 0.58
F18051 Female 2018 10.47 1.17
F18030 Female 2018 10.21 1.38
F18054 Female 2018 9.00 0.81
F18007 Male 2018 9.65 0.56
F18003 Male 2018 10.54 0.99

F18009 Male 2018 9.50 0.83

107



Table S2: Results from the adapted version of the Manhattan distance. For each
individual, the corresponding pairs that showed lowest dissimilarity values are shown.
This analysis was performed without extracting any datapoint from the dataset.

Individual Best Match Second Best Match
F13065 F13066 F13073
F13066 F13073 F13065
F13068 F13066 F13073
F13073 F13066 F13068
F13076 F13073 F13068
F15078 F15088 F15086
F15097 F15086 F15087
F15086 F15080 F15084
F15083 F15079 F15084
F15080 F15088 F15086
F15079 F15084 F15083
F15084 F15080 F15086
F15087 F15088 F15080
F15088 F15080 F15078
F18044 F18051 F18030
F18043 F18054 F18009
F18038 F18007 F18030
F18050 F18009 F18007
F18051 F18003 F18044
F18030 F18009 F18050
F18054 F18043 F18050
F18007 F18009 F18050
F18003 F18051 F18038

F18009 F18007 F18050
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Table S3. Summary results for the 20 microsatellite loci genotyped in 18 individuals.
Note. Na denote the number of alleles; N, the number of individuals typed; Ho and He,
the observed and expected heterozygosity; Plth, probability of identity and Pisib, sibling
probability of identity

Locus Na Ho He Plth Plsib
AC087 3 0,5 0,64 2,09E-01 4,84E-01
CA234 7 0,83 0,81 6,42E-02 3,63E-01
EV001 9 1 0,82 547E-02  3,53E-01
EV037 9 0,78 0,8 6,34E-02 3,67E-01
EV094 14 1 0,9 1,86E-02  3,05E-01
GATAO028 16 0,83 0,92 1,19E-02 2,93E-01
GATA098 6 0,83 0,78 8,17E-02  3,78E-01
GATA417 12 0,94 0,88 2,43E-02 3,15E-01
GATA43950 7 0,5 0,61 1,80E-01 4,90E-01
GATA52422 11 0,72 0,83 4,87E-02 3,48E-01
GATA5947654 7 0,72 0,76 9,03E-02  3,91E-01
GATA6063318 9 0,67 0,64 1,57E-01 4,68E-01
GATA91083 6 0,72 0,71 1,29E-01 4,27E-01
GTO11 7 0,89 0,85 4,30E-02 3,38E-01
GT023 8 0,72 0,78 8,01E-02  3,81E-01
GT211 7 0,83 0,78 7,78E-02 3,78E-01
GT271 6 0,61 0,68 1,57E-01 4,49E-01
GT310 6 0,83 0,64 1,75E-01 4,73E-01
GT575 7 0,72 0,75 9,00E-02  3,96E-01
TAA023 5 0,72 0,71 1,32E-01 4,28E-01
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Figure S1: Consistent grouping of individuals from the 2015 and 2018 dataset. Panel on
the top left shows the 67°N patterns of individuals F15080, F15088, F15084 and F15086.
F15080 and F15088 showed nearly identical values along the baleen plate growth axis.
To facilitate the comparison, F15088 was plotted together with F15084 (top right) and
F15086 (bottom left). We also detected a consistent grouping of individuals from the
2018 dataset: F18050, F18007, F18009 (bottom right)
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Recovery rates for baleen whales that were decimated by exploitation vary between
species and populations. Age determination is critical for the understanding of
recovery trends and population structure, but determining age in free-ranging
individuals remains challenging. Recent research has suggested that the methylation

level of some genes in skin samples may provide age determinations with accuracy.

We selected nine CpG sites from three genes (TET2, CDKN2A, and GRIA2) and
analyzed them in 40 skin samples from known-age individuals pertaining to two
different populations of fin whales from the North Atlantic. We observed significant
correlations with age in five CpG sites. We used three of these CpG sites to perform

an epigenetic age estimation.

Predictions had a standard deviation of 2.94, but regression between observed and
predicted ages showed a clear underestimation for older fin whales. For further
development, we suggest: (1) screening for new CpG sites associated with age that
exhibit higher variability between individuals, and (2) including older animals
whenever the sampling allows it. We also observed subtle, but significant differences
between the two populations studied in one of the CpG sites (TET2_CpG + 21). We
attributed these differences to genetic differences or to the dissimilar environments

that affect both populations.
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significant differences between the two populations studied
in one of the CpG sites (TET2_CpG + 21). We attributed
these differences to genetic differences or to the dissimilar

environments that affect both populations.

KEYWORDS
cetaceans, epigenetics, marine mammals, molecular biology,
population biology

1 | INTRODUCTION

Most baleen whale species have been subject to intense commercial exploitation for hundreds of years and particu-
larly during the 20th century, when catches dramatically intensified (Clapham & Baker, 2018; Rocha et al., 2014).
Whaling led to the depletion of many large whale populations worldwide until the International Whaling Commission
(IWC) implemented management regulations that eventually led to the establishment of a moratorium on commercial
whaling that started in 1985-1986 (Clapham & Baker, 2018). Since then, recovery of harvested populations has been
unequal among regions and species and this highlighted the need for case-by-case monitoring and for a better under-
standing of population biology. In this context, substantial efforts have been invested in determining population
structure and abundance, and in developing techniques that, in the absence of catches, might allow the determina-
tion of the main biological traits of individuals, such as sex, reproductive status, and age.

Age is critical to assess some basic population parameters such as somatic growth rate, physical maturation, age
at onset of reproductive activity, longevity, or survival. In baleen whales, diverse techniques have been used to
determine age. The one most widely applied, and considered to be the most reliable, has been the determination of
the number of laminations or growth layer groups in the earplug, a structure located in the ear canal that is com-
posed of successive depositions of wax and keratin that build up in layers over time. Early research demonstrated
that one growth layer group is formed every year in most species (Lockyer, 1984). Counting of growth layer groups
has been extensively used to obtain highly accurate age estimates in fin (Balaenoptera physalus) and sei whales
(Balaenoptera borealis), but the technique has not worked well in other mysticete species such as blue (Balaenoptera
musculus) or minke whales (Balaenoptera acutorostrata) (Lockyer, 1984). Other techniques, such as the degree of
racemization of aspartic acid in eye globes (George et al., 1999; Olsen & Sunde, 2002; Yasunaga et al., 2017), the
deposition of growth layers in the tympanic bullae (Christensen, 1995), or the occurrence of ridges in baleen plates
(Chittleborough, 1959; Lubetkin et al., 2008) have also been attempted to age baleen whales but results have been
uneven. In all cases the results obtained had little precision or, as it occurs with baleen plate ridges, the age record
was limited to a short period of the whale's lifespan.

However, all these methods require samples from internal tissues that are impossible to obtain from living ani-
mals, so in recent years efforts have focused on developing techniques that permit age-determination through non-
invasive means. Photo-identification studies have proven useful in species with easily recognizable morphological
traits, such as humpback whales (Megaptera novaeangliae; Barlow & Clapham, 1997), but age determination of an
individual is only possible when it is identified at birth and resighted subsequently. Consequently, application of this
technique at the population level is only possible in studies with intensive research effort deployed for protracted
periods of time. Moreover, it cannot be applied to species with poor fidelity to summer or winter grounds because
resightings are sparse, or in those in which individual morphological identification is difficult, conditions that apply to
most species of the Balaenoptera genus.

Biopsies collected from free-ranging individuals have since long become a ubiquitous technique used to monitor

populations of cetaceans because they provide fresh skin samples with low impact on the sampled individuals
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(Aguilar & Borrell, 1994; Aguilar & Nadal, 1984; Clapham & Mattila, 1993). A number of studies have attempted to
use these samples to assess age. Telomere length in skin cells correlates with age in a number of species but does
not appear accurate as an age predictor because telomere length at birth is highly variable between individuals and,
afterwards, it is affected by environmental and physiological features (Dunshea et al., 2011; Olsen et al., 2014). The
ratio between certain fatty acids present in the lipids of the blubber has also been found to be correlated with age in
humpback whales (Herman et al., 2009), but the precision found in the age determination was low and, because
lipids are to some degree dependent on the diet of whales, its application would require calibration for each popula-
tion and may vary with time. More promising was the analysis of the methylation levels of selected genes, which in
humpback whales appeared to provide high accuracy in age determinations (Polanowski et al., 2014; Riekkola
et al., 2018). However, two of the three genes used in this study were later investigated in Antarctic minke whales
and provided dissimilar results (Goto et al., 2020; Tanabe et al., 2020), thus suggesting differences between closely
related species.

In vertebrates, methylation mainly occurs in the cytosines of cytosine-phosphate-guanine (CpG dinucleotides)
and is associated with transcriptional repression of nearby genes (Bird & Wolffe, 1999; Deaton & Bird, 2011; Klose &
Bird, 2006). Methylation is not static over time, but its rate changes during development (Smith & Meissner, 2013)
and aging (D'Aquila et al., 2013). However, aging is not the only factor that exerts modifications in methylation pat-
terns over time. Epigenetic modifications induced by the environment have been reported in many studies and, in
some of them, these modifications have been associated with differences in gene expression (Feil & Fraga, 2012).
Such environmentally induced changes might play a relevant role in adaptation processes, providing heterogeneity
between and within populations, even if they are genetically homogenous (Flores et al., 2013). Therefore, it is not
unreasonable to expect epigenetic differences, driven by the environment, between populations that have adapted
to distinct conditions. Thus, the rate between methylation levels and age may not only be species-specific, but
population-specific or even cohort-specific.

In this research we amplified and analyzed nine CpG sites of the three genes previously studied in humpback
whales (Polanowski et al., 2014). TET2 (ten-eleven translocation-2) is an evolutionarily conserved dioxygenase from
the TET family. In humans, acquired TET2 disruption and mutations have been related to hematopoietic malignancies
(Mullinghan, 2009; Solary et al., 2014). CDKN2A (cyclin dependent kinase inhibitor 2A) encodes for several tumor
suppressor proteins. Mutation and silencing of CDKN2A has been linked to several types of human cancers (Foulkes
et al,, 1997; Zhao et al., 2016). Finally, GRIA2 (glutamate receptor 1a2/AMPA2) encodes for one of the four subunits
that compose AMPA receptors, which are glutamate receptors. Hypermethylation of these three genes have been
associated with aging in humans (Gronninger et al., 2010; Koch & Wagner, 2011).

The analyses were conducted on skin samples from fin whales from two separate populations (off western Ice-
land and northwestern Spain). Age of all individuals was determined through counts of growth layer groups in ear
plugs that had been previously conducted for population biology assessments. The study had a double aim: (1) esta-
blishing whether the correlation between age and methylation levels observed in the three genes of the humpback
whales previously studied were maintained in fin whales, and (2) examining interpopulation differences suggestive of

environmental impact on the methylation rate of these CpG sites.

2 | MATERIALS AND METHODS

21 | Sample collection and age determination

The skin samples analyzed for the study were collected from fin whales caught by commercial whaling operations in
two feeding grounds in the North Atlantic, which are managed as separate units by the International Whaling Com-
mission (IWC, 2009). In the first one, located off the northwestern coast of Spain (from now on, referred to as the

“Spanish population”), the samples were collected at the Canelifias station from 20 individuals caught during the
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1985 summer season. In the second, located off the western coast of Iceland (from now on, referred to as the “Ice-
landic population”), the samples were collected at the Hvalur H/F whaling station from 20 individuals caught during
the summer of 1986. The skin samples were collected by A.A. and G.V. always from the central part of the dorsal
region of the body to avoid epigenetic variation due to different sampling positions (Goto et al., 2020). Immediately
after collection, samples were frozen at —20°C and preserved in this condition until analysis.

The age of individuals was determined by counting the growth layers present on a longitudinal section of their
ear-plug core and following the methods described by Aguilar and Lockyer (1987). Each plug was examined by at
least two researchers (A.A. and G.V. among others) and, in the case of obtaining different values in the multiple read-
ings, the average of both estimates was used. The researchers that performed the ear plug readings have more than
30 years of experience. Individuals from the Icelandic population ranged between 7 and 27 years old, while individ-

uals from the Spanish population ranged from O (two fetuses) to 49 years old.

2.2 | DNA extraction, bisulfite conversion, amplification, and pyrosequencing

DNA was isolated using a Speedtools Tissue DNA extraction kit (Biotools) and bisulfite converted using an EZ DNA
methylation gold kit (Zymo Research, Irvine, CA). Both procedures were carried out following the corresponding
manufacturer's instructions.

The genes TET2, CDKN2A, and GRIA2 were amplified as in Polanowski et al. (2014). Since fin and humpback
whales are closely related species (Arnason et al., 2018; Nikaido et al., 2006; Nishida et al., 2007; Sasaki et al., 2005),
the primers designed by Polanowski et al. (2014) were used for the amplification of the three selected genes. PCR
reactions were performed in a final volume of 30 pl, with 0.4 ul of Immolase DNA polymerase (Bioline 5 U/pl), 3 pl of
10x ImmoBuffer, 1.2 pl of 50 mM MgCl, solution, 0.4 pl of each primer at 0.25 uM and 6 pul of 0.5 mM dNTPs.
When amplifying GRIA2, 6 ul of Betaine solution (Sigma) were added to the reaction to enhance the amplification.
Thermocycling conditions for all three genes consisted of an initial step of 10 min at 95°C, followed by 30 cycles of
30 s at 95°C, 30 s at 58°C, and 30 s at 72°C, with a final step of 5 min at 72°C.

All PCR products were visualized using gel electrophoresis. When weak amplification was detected in the aga-
rose gel, samples were amplified again but the annealing temperature was set at 56°C instead of 58°C. For 31 sam-
ples, PCR reactions were performed twice. Of these, in seven samples PCR reactions were performed three times.
Obtaining replicates of the PCR products allowed us to assess the potential error of the posterior pyrosequencing
analysis.

PCR products were analyzed using a Pyromark Q96MD pyrosequencer (Qiagen GmbH, Hilden, Germany) at the
PEBC platform (Bellvitge Biomedical Research Institute, IDIBELL) and the percentage of cytosine methylation at each
CpG site was extracted using Pyro Q-CpG Software (Qiagen). To avoid confusion, the same notation as Polanowski
et al. (2014) has been followed from now on and the position of the cytosine is indicated relative to the start codon

of each gene. Negative or positive values indicate distance (5’ or 3/, respectively) in base pairs from the start codon.
2.3 | Statistical analysis

2.3.1 | Preliminary analyses

For each of the cytosine sites, presence of outliers was tested graphically using boxplots. To avoid a possible popula-
tion effect, for each cytosine site the samples from Spain and Iceland were plotted separately. All the percentage
values that fell outside the range of the whiskers were removed (that is, values located below or above the inter-

quartile range x 1.5), but one exception was made when all PCR replicates of a same sample appeared as an outlier.

In this case, we considered that it was a biological but not a methodological outlier and all values were maintained
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(Figure S1). After removal of outliers, the means and standard deviation for each sample and CpG site were calcu-
lated. Data were tested for normality (Shapiro-Wilk test) and homoscedasticity (Bartlett test).

2.3.2 | Age effect

Relation between age and methylation was examined in depth for each individual position through a linear regression
model (Im). In this case, models were fit considering the methylation percentage of each CpG position as the depen-
dent variable and age as the covariate. Linear models were fitted for each population as well as for the whole set of
samples. When model p-value was significant (<.05), the linear regressions were plotted and, in case of having PCR
replicates, standard deviations were plotted as well at each individual point.

Samples with missing data were excluded from the following analyses. All CpG sites showing significant relation-
ship with age were considered for being included into a multiple regression model. Multiple linear regressions were
fitted only for combinations of CpG sites from different genes, to avoid multicollinearity issues between the inde-
pendent variables (Polanowski et al., 2014).

Precision of multiple regression models was assessed through LOOCV. The LOOCYV approach trains the model
using all samples but one, which is excluded to test the model obtained. This procedure is repeated for every obser-
vation, and the final result is calculated by taking the mean of all individual calculations. RMSE (root mean square
error) was used to determine the average model prediction error and to decide which of the ten combinations of
two or three CpG sites was the best model.

2.3.3 | Population and sex effect

To assess the effect of other biological factors (sex and population) on methylation percentages, generalized linear
models were fitted to the data. Each model was fitted considering each CpG site as the dependent variable, and
sex and population were included as fixed factors with interaction. In addition, for TET2_CpG + 21, we reanalyzed
the data through a Student's t-test to determine if differences between populations were still significant after
extracting the samples of the Spanish population with ages that were not overlapping those of the Icelandic
population.

Finally, to examine in depth the population effect on the methylation percentages on the CpG sites included in
the best multiple regression model, we performed a principal component analysis (PCA). PCA was fitted only for
samples without missing data.

Statistical analyses were carried out with the IBM SPSS 23 software package or in R 3.5.2. (R Core Team; http://
www.R-project.org).

3 | RESULTS
3.1 | Determination of percentage of methylation

In total, nine CpG sites were successfully assayed through pyrosequencing: three for TET2 (TET2_CpG + 16,
TET2_CpG + 21, TET2_CpG + 31), three for CDKN2A (CDKN2A_CpG + 297, CDKN2A_CpG + 303, CDKN2A_CpG
+ 309), and three for GRIA2 (GRIA2_CpG + 202, GRIA2_CpG + 188, GRIA2_CpG + 183). We were not able to obtain
results for the fourth site of TET2 (TET2_CpG + 58) or CDKN2A (CDKN2A_CpG + 327), but we obtained two addi-
tional sites in the GRIA2 gene (GRIA2_CpG + 188 and GRIA2_CpG + 183) that have been previously analyzed in minke
whales (Tanabe et al., 2020).
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TABLE 1 Total number of samples analyzed for each CpG site.

Range of Difference Replicated
Samples methylation between samples samples SD between replicas
TET2_CpG + 16 38 7.99-21.88 13.89% 26 1.68%
TET2_CpG + 21 38 0-15.66 15.66% 25 2.50%
TET2_CpG + 31 37 5.38-20.19 14.81% 24 1.48%
CDKN2A_CpG + 297 39 1.45-3.23 1.78% 30 0.43%
CDKN2A_CpG + 303 40 2.28-7.24 4.96% 31 0.67%
CDKN2A_CpG + 309 40 1.32-6.02 4.70% 28 0.69%
GRIA2 CpG + 202 36 0-5.79 5.79% 16 2.11%
GRIA2 CpG + 188 37 2.94-8.69 5.75% 9 2.01%
GRIA2 CpG + 183 36 1.05-5.89 4.84% 7 0.89%

Note: Range of methylation indicates the lowest and the highest values obtained for different samples in a given CpG site.
Difference between samples indicates the difference between the highest and the lowest percentage of methylation for
different samples in a given CpG site. Replicated samples column indicates the number of samples that were amplified and
pyrosequenced for at least one additional time. SD between replicas indicates the mean standard deviation between
replicates for a given CpG site.

We did not obtain results at each CpG site for all samples, getting results for all 40 samples only for the two last
CpG sites of the gene CDKN2A. In the other cases, we obtained results from 36 to 39 samples, depending on the
CpG site analyzed. Total range of variation between samples differed between genes and CpG sites. Differences
between the highest and the lowest percentages of methylation were larger in TET2 sites, followed by GRIA2 and
CDKNZ2A (Table 1).

For all CpG sites, we did not obtain results in all the replicates, so the number of replicates is variable depending
on the gene and the CpG position analyzed (Table 1). All replicates were analyzed to calculate standard deviation
(SD) and assess the reproducibility of our results. Average SD were variable between genes and CpG sites (Table 1).

All CpG sites met the assumptions of normality and homoscedasticity, except GRIA2_CpG + 183 site.

3.2 | Sources of variation in the percentage of methylation: Age

Linear regression models were fit for the whole data set and for each population separately at all CpG sites
(Figure 1). When the two populations were analyzed together, linear models showed a significant effect of age on
the methylation percentages in five CpG sites: three sites of CDKN2A (p <.05 for CDKN2A_CpG + 297,
CDKN2A_CpG + 303, and CDKN2A_CpG + 309), the second CpG site in TET2 (p < .05 for TET2_CpG + 21), and the
second CpG site in GRIA2 (p < .01 for GRIA2_CpG + 188). However, when each location was treated as a distinct
data set, significant correlations were only found for the Spanish population in four out of five cases and for the Ice-
landic population in two out of five cases (Figure 1).

The five CpG sites with significant relationship with age were included in a multiple linear regression model. All
possible combinations of two or three CpG sites were assessed with LOOCV and compared through their RMSE
(root mean square error). For this comparison we chose RMSE as the indicator (and not MAE, the mean absolute
error) because although both MAE and RMSE express average model prediction, RMSE gives higher weight to large
errors, which are highly undesirable for age predictions. Five samples had missing data for some of the CpG sites and

were excluded from the analyses, so multiple regressions were initially calibrated using 35 samples.
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FIGURE 1 Linear regressions between age and % of cytosine methylation for each CpG site that showed
significant correlation with age. Linear regressions were calibrated for each population and the whole data set (only
those with correlations with p < .05 are shown). When data were available, standard deviations were plotted in their
corresponding points. Adjusted R? is indicated for each regression line.

The multiple regression model with smallest RMSE had the combination of three CpG sites: TET2_CpG
+ 21, CDKN2A_CpG + 303, and GRIA2_CpG + 188. After checking the normality and homoscedasticity of the
residuals, we removed an additional sample from the Spanish population that was placed as an outlier, so
the model was run using the 34 remaining samples (Figure S2). The RMSE of the final model was 5.91 and
the MAE was 4.87.

The precision of the multiple regression model was additionally assessed by checking the differences between
the observed and predicted ages (residuals), that presented a standard deviation of 2.941 and a mean absolute differ-
ence of 4.264. The 95% prediction interval for the model was 11.84 (Figure 2).

Linear regression between known and predicted age is shown in Figure 2. The linear regression had a significant
y-intercept of 6.603, indicating that our model initially overestimates young whale's age, but the slope of the regres-
sion showed that older whales' ages are highly underestimated. R? of the regression was 0.488, indicating that an

important part of model's variation is due to other unknown factors.
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3.3 | Sources of variation in the percentage of methylation: Populations

Generalized linear models showed no significant effect of sex in the methylation levels of any CpG site (p > .05), in
accordance with previous results. However, a significant effect of population was detected in one CpG site
(TET2_CpG + 21, p < .001). It should be noted that the age ranges of each population are not identical (7-27 years
for Iceland population; 0-49 years for Spanish population), and in this CpG site a significant effect of age was
detected (p < .05). Hence, all samples with ages that were outside the range of the Icelandic (7-27) were removed
before reanalyzing possible differences between both populations through a Student's t-test. Significant differences
were detected again between the Spanish and the Icelandic samples (p < .001; Figure 3), suggesting that both

populations were exhibiting different methylation patterns in this CpG site.
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Finally, results from the PCA showed that the first two components explain most of the variation in the data,
with a cumulative proportion of variance of 82.41%. For the first principal component (PC1), CDKN2A_CpG + 303
contributed with 49.18% and GRIA2_CpG + 188 contributed with 40.20%. For the second principal component
(PC2), the most important variable was TET2_CpG + 21, which explained the 81.03% of the contribution. PC2

showed differences between the two populations, which were barely separated by PC1 (Figure 4).

4 | DISCUSSION

Although the exact mechanisms that drive the association between gene methylation and age are not totally under-
stood, this correlation is well-established and several researchers have attempted to create protocols to infer human
age through DNA methylation markers. Most of the efforts have focused on finding epigenetic markers that corre-
late with age in the forensically relevant tissues, such as blood (Bekaert et al., 2015; Hannum et al., 2013; Naue
et al., 2017; Vidal-Bralo et al., 2016; Weidner et al., 2014), saliva (Bocklandt et al., 2011; Eipel et al., 2016), semen
(Lee et al., 2015), and skin (Koch & Wagner, 2011). Outcomes of these studies were promising and provided high
accuracy when predicting age, and this opened thrilling perspectives for the study and monitoring of other mammals,
particularly those which live in the wild and are of restricted access.

In recent years, driven by the emergence of new cost-effective techniques, the use of epigenetic analysis in
studies of ecology and evolution has experienced a substantial increase (De Paoli-Iseppi et al., 2017; Jarman
et al., 2015; Verhoeven et al., 2016). Here we have analyzed CpG sites from three genes, previously applied with dis-
similar results to infer age from skin samples of humpback and minke whales (Goto et al., 2020; Polanowski
et al., 2014; Riekkola et al., 2018; Tanabe et al., 2020), to study their applicability to a different whale species.

Ranges of variation observed in our study between individuals' methylation levels for each CpG site were similar
to those observed in previous studies (Goto et al., 2020; Polanowski et al., 2014; Tanabe et al., 2020). For the nine
sites analyzed, we detected significant correlations with age in five, a finding that reflects the conserved relation
between methylation patterns and aging in mammal species (Booth & Brunet, 2016; Sen et al., 2016). It is well
known that methylation and aging are tightly related, since global levels of 5-methylcytosine tend to decrease as
aging occurs (Barbot et al., 2002; Bollati et al., 2009; Fuke et al., 2004; Nilsen et al., 2016; Singhal et al.,1987). How-
ever, this process of hypomethylation does not occur homogenously in the entire genome, and hypermethylation in

promoters of several genes and other specific regions has been reported (Fraga & Esteller, 2007; Issa, 2003). In our
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study, all five sites with significant results showed positive trends with aging (hypermethylation), including the CpG
sites located in the gene TET2, thus producing different results than in humpbacks and minke whales but in concor-
dance with those obtained in humans (Grénniger et al., 2010). Although our results indicated significant correlations
with age for several CpG sites, trends found in fin whales were less consistent and with smaller R? values than those
found in humpbacks (Polanowski et al., 2014).

Even though significant correlations were found in several CpG sites, there is one remarkable limitation in our
study that deserves discussion. Standard deviations between PCR replicates were relatively high (mean around
2%) in some CpG sites, while the differences among individual samples hardly ever exceed 5%. These differences
are in accordance with the technical accuracy and reproducibility of pyrosequencing when analyzing samples from
different PCR reactions (Kurdyukov & Bullock, 2016; Tost & Gut, 2007). Unfortunately, total variation between
individuals was small (Table 1), especially for those sites located in CDKN2A and GRIA2. This brings forward the
necessity to screen for new markers associated with age that exhibit higher variability between individuals in
order to reduce the effect of the analytical error. Therefore, before a widespread use of this kind of assay in fin
whales, we recommend the use of Next Generation Sequencing techniques to perform a wider screening, as
suggested by Goto et al. (2020).

The standard deviation of the mean difference between known and predicted ages was 2.94, similar to the
results obtained in bats (Wright et al., 2018) and humpbacks (Polanowski et al., 2014), and lower than in minke
whales (Goto et al., 2020). However, the y-intercept and the slope of the regression indicated that our model overes-
timates the age of young whale's and, importantly, highly underestimates the age of older fin whales, similar to the
results obtained by Goto et al. (2020). In addition, when we investigated the correlation between age and each indi-
vidual CpG site, we found that this relation was not totally maintained when data were split into populations. In four
out of five CpG sites, correlation with age was significant in the Spanish population, but only in two out of five CpG
sites was there a significant correlation in the Icelandic population.

We hypothesize that both problems, the low accuracy for estimating the age of older fin whales and the dissimilar
results between populations, may be due to the lack of very old individuals, especially in the Icelandic population. In fin
whales, longevity has not been properly estimated, but individuals around 80-90 years old have been reported
(Aguilar & Garcia-Vernet, 2018). In order to obtain robust calibrations, it would be highly desirable to analyze a higher
number of samples from old individuals, because in our data set most of the oldest animals were 25-30 years. Indeed,
most of the animals caught both in Spain and Iceland during the 1980s were younger than 30 years old and the most
frequent age classes were 5-7 years old in Spain and 4-9 years old in Iceland (Aguilar & Lockyer, 1987; IWC, 2009).

While some of the differences observed between the results of the two populations may be explained by the
dissimilar age range in the two data sets, in the second CpG site of TET2 (TET2_CpG + 21) we detected subtle but
significant differences regardless of the age of the animals. Changes in patterns of methylation along individuals' life-
time may not only be affected by intrinsic factors, such as genetic variants, but also by biological and extrinsic fac-
tors, such as aging and environmental effects, respectively (Feil & Fraga, 2012; Fraga et al., 2005). In humans, for
example, several studies have reported correlation between methylation levels in different markers and environmen-
tal factors such as sun exposure (Gronniger et al., 2010), short-term changes in diet (Jacobsen et al., 2012), exercise
(Barrés et al., 2012), early-life stress factors (Naumova et al., 2012), and socioeconomic status (Lam et al., 2012;
McGuiness et al., 2012).

Regarding ecology, epigenetics can provide an answer to rapid adaptations to the environment, promoting a high
phenotypic plasticity in front of a constantly changing environment (Verhoeven et al., 2016). Therefore, methylation
patterns may play an important role by linking environmental cues and phenotypes. In addition, a potential trans-
generational transmission of methylation patterns may have an important role in evolutionary processes (Jablonka &
Raz, 2009; Verhoeven et al., 2016).

Several researchers have observed correlations between methylation patterns and different environmental
exposures. For example, resource availability may shape differences in the epigenome of two groups of wild baboons

with different foraging strategies (Lea et al., 2016). Similarly, epigenetic differences have been detected between
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urban and rural populations of Darwin's finches (McNew et al., 2017). Methylation patterns have been related not
only to different foraging strategies, but also to different migratory strategies (Baerwald et al., 2016). Other studies
in different species have established associations between methylation patterns and other environmental factors,
such as contamination (Nilsen et al., 2016), early life stress (Moghadam et al., 2017) or domestication processes
(Koch et al., 2016). Therefore, we suggest that differences detected in TET2_CpG + 21 between Icelandic and Span-
ish populations could be a result of the distinct environmental cues affecting both populations.

In the North Atlantic Ocean, the International Whaling Commission (IWC, 2009) currently considers seven fin
whale stocks that have been mainly identified according to the location of the feeding grounds occupied during the
summer. Since whales reproduce during the winter in different areas, it is of the highest relevance to establish the
degree of mixing between animals that belong to each stock. In general, low levels of genetic divergence have been
detected between fin whales sampled in different feeding areas (Pampoulie & Danielsd6ttir, 2013) maybe reflecting
some degree of mixing in the breeding grounds. However, fin whales inhabiting waters off western Iceland and
northwestern Spain seem to belong to different breeding grounds, implying a low degree of mixing between both
populations. Such segregation appears to be supported by previous studies using different approaches, such as inter-
nal tagging (Gunnlaugsson & Sigurjonsson, 1989), internal and external morphology (Jover, 1992; Lockyer, 1982;
Vikingsson, 1992), stable isotope analysis (Vighi et al., 2016), trace element concentrations (Sanpera et al., 1996), and
other miscellaneous sources of information (Vikingsson & Gunnlaugsson, 2006). The stock of fin whales feeding off
northwestern Spain is assumed to be composed of animals reproducing in a single breeding ground (IWC, 2009),
which although of unidentified location, it may be located off eastern Africa (Vighi et al., 2016). Conversely, the stock
summering off western Iceland appears to be composed of animals wintering in either the central Atlantic (around
the Azores) or off eastern Canada (IWC, 2009; Silva et al., 2013). Whatever the case, more studies are needed to
determine if differences associated with breeding grounds and migration patterns of the two groups of fin whales
are associated not only to a differential genetic pool but also to different environmental pressures that in turn may
cause differences in their epigenomic profiling. Again, we suggest that a wider screening of new CpG sites, based on

Next Generation Sequencing techniques, should shed some light on this topic.
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The fin whale is one of the most abundant baleen whales inhabiting the North Atlantic,
but its current population structure is still far from being completely understood. The
International Whaling Commission recognizes seven different North Atlantic
populations, but genetic studies suggest high levels of gene flow among them. Here,
we examined genome-scale DNA methylation in two North Atlantic fin whale
populations, those off western Iceland and northwestern Spain. Although there is low
genetic divergence between both populations, non-genetic markers point towards

isolation of fin whales from these two areas.

In this study, we identified 215 differentially methylated regions (DMRs), of which 94
were associated with annotated genes. More than 10% of these genes were directly
related to the circadian clock or other migration-related traits, such as muscle
development or muscle metabolism, highlighting differences between migration
patterns of both populations. We also detected two genes related to differential
contamination exposure, which had been previously described between individuals

from Iceland and Spain.

Overall, this preliminary study shows that epigenomics has a great potential to detect
adaptative strategies to differential environments and life histories, even between

populations with no evident genetic divergence.
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ABSTRACT

The fin whale is one of the most abundant baleen whales inhabiting the North Atlantic,
but its current population structure is still far from being completely understood. The
International Whaling Commission recognizes seven different North Atlantic populations,
but genetic studies suggest high levels of gene flow among them. Here, we examined
genome-scale DNA methylation in two North Atlantic fin whale populations, those off
western Iceland and northwestern Spain. Although there is low genetic divergence
between both populations, non-genetic markers point towards isolation of fin whales from
these two areas. In this study, we identified 215 differentially methylated regions (DMRs),
of which 94 were associated with annotated genes. More than 10% of these genes were
directly related to the circadian clock or other migration-related traits, such as muscle
development or muscle metabolism, highlighting differences between migration patterns
of both populations. We also detected two genes related to differential contamination
exposure, which had been previously described between individuals from Iceland and
Spain. Overall, this preliminary study shows that epigenomics has a great potential to
detect adaptative strategies to differential environments and life histories, even between

populations with no evident genetic divergence.

INTRODUCTION

Understanding population connectivity is critical to implement proper conservation
strategies to protect biodiversity (Kool et al., 2013). However, acquiring this kind of
information may be challenging in dynamic habitats with no clear boundaries, such as

marine environments (Lourie and Vincent, 2004). Complexity increases even more when
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studying highly mobile vertebrate species, such as baleen whales. Application of
molecular genetics to biodiversity conservation can provide valuable information about
connectivity and potential reproductive isolation between populations, helping to design
appropriate management measures (Frankham, 2010; Coates et al., 2018). Specifically,
use of genetic data offers a great opportunity to identify management units, which are
defined as groups of individuals whose population dynamics are demographically
independent and do not rely on immigration of other individuals (Palsboll et al., 2007;
Taylor et al., 2010). However, defining management units is not always trouble-free,
especially when some degree of individual dispersion exists, which may lead to assigning

different populations to the same management unit (Palsboll et al., 2007).

The fin whale (Balaenoptera physalus) is a cosmopolitan species and one of the most
abundant baleen whales inhabiting the North Atlantic. Like other baleen whales, fin
whales undertake annual migrations alternating high-latitude feeding grounds in summer
and low-latitude breeding grounds in winter (Aguilar and Garcia-Vernet, 2018). Largely
based on catch and marking data (Donovan, 1991), the International Whaling
Commission (IWC) recognized seven different North Atlantic management units or
populations (IWC 2007). Because most of the information was collected in the feeding
grounds, these management units mainly reflect the summer population structure.
However, the winter breeding grounds, as well as the real connectivity among individuals
from different feeding grounds, is still unknown (IWC 2007; Aguilar and Garcia-Vernet,
2018).

Genetic-based studies have tried to shed some light on these questions, but their results
are difficult to interpret (reviewed in Pampoulie et al., 2013). Based on mitochondrial and
nuclear loci, fin whales from different North Atlantic feeding grounds showed low genetic
divergence, suggesting “isolation-by-distance” among individuals from the different
management units (Berubé et al., 1998). Later research suggests high levels of gene
flow among fin whales from different feeding areas, highlighting the importance of
immigration in these populations (Palsboll et al., 2004; Berubé et al., 2006). Altogether,
this type of study has revealed a complex scenario which is still far from being

understood.

Despite the low genetic divergence detected throughout the North Atlantic, differences
among individuals inhabiting waters off western Iceland and northwestern Spain have
been detected in numerous studies. Isolation between these two populations has been
supported through morphological studies (Jover et al, 1992), contaminant levels
(Sanpera et al., 1996; Vighi et al., 2017), stable isotopes (Vighi et al., 2016), and
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epigenetics (Garcia-Vernet et al., 2021). Therefore, although connectivity among
populations is still under debate, these studies seem to point out a differential life history

between individuals belonging to these two populations.

The study of epigenetic modifications, like DNA methylation, offers an opportunity to
better understand the ecology and biological evolution of species and populations (Herrel
etal., 2020), and it has become a promising tool in the conservation biology field (Walters
and Schwartz, 2020). In vertebrates, methylation usually occurs on the cytosines of
cytosine-phosphate-guanine (CpG) dinucleotides and is associated with transcriptional
repression of nearby genes (Bird and Wolffe, 1999; Klose and Bird, 2006). Specifically,
it was demonstrated that some environmentally induced changes in DNA methylation
can affect gene expression, providing heterogeneity even within genetically homogenous
populations (Flores et al., 2013), allowing organisms to adapt to sudden changes in their
environment (Rey et al., 2020; Angers et al., 2020; Herrel et al., 2020). Among others,
methylation modifications driven by the environment have been associated with
differences in contaminant exposure (Nilsen et al., 2016; Mancia et al., 2021), migration
(Baerwald et al., 2016), foraging strategies (Lea et al., 2016; McNew et al., 2017), and
salinity (Artemov et al., 2017). Therefore, variation in DNA methylation could provide
further information about local environmental adaptations and connectivity between
populations, even among individuals with scarce genetic differentiation or relatively high
gene flow (Massicotte et al., 2011; Flores et al., 2013; Meréndun et al., 2019; Rey et al.,
2020).

In this study, we examined epigenomic differences between two fin whale populations,
those off western Iceland and northwestern Spain. We also evaluated if these epigenetic
variations were associated with genes related to the phenotypic and behavioral plasticity
detected between these two populations. The main goal was to assess the potential use
of epigenomics to detect differential adaptations among populations with scarce genetic

divergence, which may be a useful tool to delimitate appropriate management units.

MATERIALS AND METHODS

1. Sample collection

The skin samples analyzed in this study were collected from fin whales caught by
commercial whaling operations at two feeding grounds in the North Atlantic, which are
managed as separate units by the International Whaling Commission (IWC, 2009). In the
first, located off the northwestern coast of Spain (from hereon in referred to as the
“Spanish population”), the samples were collected at the Canelifias land factory from 11

individuals caught during the 1985 summer season. In the second, located off the
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western coast of Iceland (from hereon in referred to as the “Icelandic population”), the
samples were collected at the Hvalur H/F (Hafnarfjordur) land factory from eight
individuals caught during the summer of 1986. All skin samples were collected by A.A.
and A.B., always from the central part of the dorsal region of the body, to avoid epigenetic
variation due to different sampling positions (Goto et al., 2020). Immediately after
collection, samples were frozen at —20°C and preserved under this condition until the

analyses were conducted.

Other factors apart from the environment can also affect methylation levels. For example,
aging is known to strongly affect methylation patterns (Jung and Pfeifer 2015), and this
effect has been detected in three fin whale genes (Garcia-Vernet et al., 2021). To reduce
this effect, samples selected from both populations were of similar mean age (11.5 years
for Spain, 12.9 years for Iceland) and similar age ranges (4 to 19 years for Spain, 8 to
20 years for Iceland). The individual’'s age was determined by counting the growth layers
present on a longitudinal section of their ear-plug core and following the methods
described by Aguilar and Lockyer (1987).

2. DNA extraction and Reduced Representation Bisulfite Sequencing

DNA was isolated using the Blood & Cell Culture DNA Mini Kit (Qiagen). DNA
concentration of each sample was quantified and qualified using a QuBit fluorometer
(Thermo Fisher). Libraries were prepared using the Premium RRBS kit (Diagenode) at
the “Centres Cientifics i Tecnologics” of the University of Barcelona (CCiT-UB). Briefly,
genomic DNA (400 ng) was digested with Mspl and DNA fragments were end-repaired
and ligated to the adaptor barcodes. After these steps, size selection was performed

using Mag-Bind Total Pure NGS beads, selecting fragments of 150 bp and higher.

Each sample was quantified performing a gqPCR with a Light Cycler LC480 Il. Samples
with similar Ct (cycle threshold) values from the gPCR and different barcodes were
pooled together, with a maximum of six samples per pool. All pools were bisulfite
converted and an additional gPCR was performed to determine the optimal cycle number
for PCR enrichment. We performed PCR enrichment and clean-up. Quality was
assessed by calculating the concentration of each library, which was determined using
a QuBit fluorometer and by determining the profiles of each library using a DNA High
Sensitivity chip (Bioanalyzer). Libraries were sequenced using an lllumina HiSeq 2000
(50bp single read ends, six samples per lane) at the CRG (Centre for Genomic
Regulation, Barcelona). Initial quality checks were carried out with FASTQC (Andrews

2010). Trim Galore! (https://github.com/FelixKrueger/TrimGalore) was used to perform

adapter and quality trimming, using the “- - rrbs” flag option.
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3. Alignment and differentially methylated CpGs

At present, genomes of several species from the Balaenopteridae family are available
(Yim et al., 2014, Arnason et al., 2018, Tollis et al., 2019). However, only two of these
genomes have been assembled de novo and properly annotated: those of the minke
whale (Balaenoptera acutorostrata) and of the humpback whale (Megaptera
novaeangliae). Both species are phylogenetically close to the fin whale: minke and fin
whales diverged around 10.5 million years ago ago, while humpback and fin whales
diverged around 5 million years ago (Arnason et al., 2018). Therefore, both genomes
were in silico bisulfite-converted using the Bismark v. 0.23.1 software (Krueger and

Andrews 2011) to perform an independent alignment of our reads to each genome.

Reads of each sample were aligned to both minke and humpback whale genomes using
the default parameters of Bowtie2 (Langmead and Salzberg 2012) implemented in
Bismark. Reads which were ambiguously mapped were removed from the subsequent
analyses. We extracted the percentage of methylation for each cytosine using the
Bismark methylation extractor script, and we later obtained a genome-wide cytosine
methylation report using the module coverage2cytosine. Both scripts were implemented

in Bismark.

To ensure better quality downstream analyses, a minimum coverage of 10 reads per
cytosine in at least six individuals per population was required to consider a CpG position
for the analysis. The R package Methylkit (Akalin et al., 2012) was used to identify
differentially methylated bases between the Icelandic and Spanish populations. During
the identification of differentially methylated cytosines (DMC), we defined cutoffs based

on g-value (g-value < 0.01) and on percentage methylation difference (> 25%).

We identified differentially methylated regions (DMRs) using the eDMR R package (Li et
al., 2013), which can be used as an expansion of the Methylkit R package. Following the
previous settings, individual CpG positions had to present at least a 25% methylation
difference with a g-value < 0.01 to be considered a DMC. To be considered a DMR,
regions should contain at least 3 CpG with 1 DMC, and with an absolute mean
methylation difference >20%. Again, a minimum of six individuals per population were

required to consider a CpG position for the analysis.

4. Gene annotation and gene ontoloqy

DMRs were annotated via BEDOPS (Neph et al., 2012), using the already published

annotations of minke (https://www.ncbi.nim.nih.gov/) and humpback whales
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(https://doi.org/10.7910/DVN/ADHX10 ). We annotated all genes that were at <1000 bp
of each DMR.

The latter analyses were performed using the results aligned to the minke whale

genome. We used GeneCards (https://www.genecards.org/) to investigate the functions

of the genes associated with all DMRs. For the 30 DMRs with lowest g-value, we
visualized their differential methylation pattern across individuals and performed a
hierarchical cluster analysis using the “heatmap” function with default parameters. In
three individuals (IC86042, SP84002, SP84083), less than half of the 30 DMRs met the
minimum coverage required (5, 11, and 6 DMRs, respectively), and were, therefore,

excluded from this visualization.

Finally, we ran the InterProScan command line (Jones et al., 2014) using the available

protein sequences of the minke whale genome (https://www.ncbi.nlm.nih.gov/) to obtain

the gene ontology (GO) terms of all proteins in the minke genome. We used Gostats
(Falcon 2007) to perform enrichment analysis, comparing the list of proteins associated
with the DMRs against the minke gene ontology terms. We used Revigo to summarize
the GO terms (Supek et al., 2011).

RESULTS

Mapping, coverage, and preliminary cluster analysis

After quality filtering, the average number of reads per individual was 37.8 million
(ranging from 17.1 to 76.9 million). Mapping performance was similar for both genomes.
51% of the reads mapped to the minke whale genome (range: 38% - 54 %, depending
on the individual, Table S1), and 56% of the reads mapped to the humpback whale
genome (range: 43 — 59%, Table S2).

After setting the minimum read coverage to 10, we obtained an average of 956,292 and

1,098,240 CpG sites for the minke and the humpback genomes, respectively (Table 1).

Differentially methylated sites and regions

A total of 79,049 and 88,280 CpG sites (when mapping to the minke and the humpback
whale genomes, respectively) were recovered in at least six individuals per population.
These positions were used to investigate differentially methylated sites and regions
between the Icelandic and Spanish populations. CpG sites that met all fixed
requirements to be considered a DMC (>25% methylation difference, < 0.01 g-value)

ranged from 2,624 (minke genome) to 3,020 CpGs (humpback genome).
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Table 1: CpGs and mean coverage of each CpG after excluding all CoGs without a
minimum 10 read depth. Mapping was performed with the minke whale genome (second
and third column) and humpback whale genome (fourth and fifth column)

Sample CpG (minke) Mean Cov. (minke) CpG (humpback) Mean Cov. (humpback )

IC86008 845,903 19.8 972,357 19.1
IC86013 1,013,373 18.7 1,145,269 18.6
IC86016 784,256 39.0 908,316 375
IC86018 838,098 17.6 943,997 17.5
1C86027 951,722 23.9 1,090,634 229
IC86032 1,030,467 24.3 1,185,273 23.0
1C86042 266,047 17.9 303,864 19.4
IC86048 947,330 23.8 1,088,853 224
SP84002 419,324 34.9 475,206 34.6
SP84059 1,143,090 20.7 1,318,701 19.9
SP84062 789,462 20.7 905,672 20.0
SP84071 1,386,194 25.0 1,602,510 23.8
SP84073 1,974,264 29.9 2,296,148 28.5
SP84074 1,124,768 24.3 1,292,894 23.0
SP84083 454,065 34.5 518,331 33.7
SP84084 972,454 21.7 1,119,095 20.6
SP84087 801,736 21.3 914,580 20.4
SP84092 1,799,899 25.8 2,067,844 25.0
SP84093 627,096 20.6 717,025 19.9

Mean 956,292 24.4 1,098,240 23.7

Based on these DMCs, we looked for differentially methylated regions (DMR) that met
our minimum requirements (contain at least 3 CpG with 1 DMC, and a global methylation
difference of >20%). We found 215 and 258 DMRs for the minke and humpback

genomes, respectively.

DMRs were annotated using the minke and humpback whale annotations. For the reads
aligned against the minke genome, we identified 94 DMR that were associated with at
least one gene (44.6% of total DMRs). However, when using the humpback whale
annotation, we only identified 32 genes (12.4% of total DMRs). Of these 32 genes, 13
were also identified using minke annotations. Due to the low performance when using
the humpback whale annotation, downstream analyses were performed only using

DMRs that were identified and annotated using the minke whale genome.
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Figure 1: Heatmap and hierarchical cluster based on the top 30 DMR methylation
percentages. Columns represent individuals from both populations (orange for Iceland,
dark red for Spain).

The 30 DMRs with the lowest g-values were visualized via a heatmap (Figure 1). Global
methylation difference between populations for these DMRs ranged from 20.1 to 41.8%.

Hierarchical cluster showed that individuals were grouped by population.

Gene Ontology and gene functions

We found 97 annotated genes associated with 94 different DMRs (Table S3). DMRs
were mainly found on intronic (63) or exonic regions (27). Only seven DMRs were located
at upstream or downstream regions, which may be due to our conservative range setting
(1 kb distance). Hypermethylation of DMRs was equally distributed among all genomic

features for the two populations (Figure 2). Nine of the 97 annotated genes were closely
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related to the circadian clock (Table 2), which is a key element for regulating different
behavioral and physiological rhythms (Reppert and Weaber, 2002; Ko and Takashi,
2006). We also found three genes related to muscle metabolism and growth, and two
genes whose expression has been related to differences in exposure to contaminants
(Table 2).

Finally, we investigated which gene ontology (GO) terms were significantly enriched in
our DMRs. The most common GO terms were associated with regulation processes:
GO0:0065007 (biological regulation), GO:0050794 (regulation of cellular process), and
G0:0019222 (regulation of metabolic process). A summary of our results for GO

Biological Process ontology associations for DMR can be found in Table S4.

Figure 2: Count of genomic
features which are
hypermethylated in the Spanish
and the Icelandic population,
respectively. Each color indicates
a different genomic feature.
Proportions are very similar for
en both populations and for all
Upstream genomic features.

Downstream

50

40

30

20

10

Hypermethylation Hypermethylation
(Spain) (Iceland)

DISCUSSION

Here, we investigated the methylation patterns across the genome of two populations of
fin whales inhabiting the North Atlantic. We investigated specific epigenomic differences
between both populations and found that the top 30 differentially methylated regions
(DMRs) detected was enough to separate individuals of both populations. Moreover, we
identified close to 100 genes associated with these DMRs (differentially methylated
regions) and, although we found a high diversity in their functions, 13 of these genes

were clearly linked to interesting phenotypes.
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Table 2: DMRs associated with genes related to the circadian clock (9), muscle
development (3), and contamination exposure (2), respectively. Meth diff. indicates the
comparison between both populations, with positive values indicating increased
methylation and negative values indicating decreased methylation in individuals from the
Spanish population. CpGs indicates the total number of CpGs, and DMCs indicates the
number of these CpGs presenting differential methylation between both populations. g-
value indicates the significance of each DMR.

ID Name Meth diff CpGs DMCs (¢-value Region
PER3 Period Circad3ian Regulator 420 3 3 1 79E-41 Exon
MppED1  Metallophosphoesterase ) 4 7 3 192E-68 Exon
Domain Containing 1
RBM4B ~ RNA bi”di”f{é“o“f protein  ,g 49 5 4  261E-36  Exon
GADpz  Clutamate charboxy'ase 212 3 1 730E29 Intron
Calcium/Calmodulin

CAMK2G Dependent Protein Kinase -23.3 3 1 7.32E-09 Intron
Il Gamma

STK32B Se””e’Thrgggme Kinase 545 3 1 219E-21  Intron

RPSEKA2  Ribosomal Protein S6 297 3 2 243E-17  Intron
Kinase A2

sLceaz ~ Solute Carrier Family 8 231 3 1 445E-15  Exon
Member A2

PALLD Palladin, cytoskeletal 25.8 3 1 133E-15 Intron

associated protein
CAPN1 Calpain 1 -22.8 3 1 1.28E-11 Intron
coLzeat  Collagen Type XXIl Alpha 4 7 3 1 154E-17  Intron
1 Chain
coL1sa1  Collagen Type XV Alpha 1 20.1 3 1 8.24E-18  Exon
Chain
Cytochrome P450 Family
CYP26C1 26 Subfamily C Member 1 -22.3 3 1 1.95E-33 Upstream
AHRR  Anyl-Hydrocarbon Receptor 5 4 4 1 138E-35  Exon

Repressor

Reference genome choice and sample size

To date, the fin whale genome has not been assembled de novo, which made it

impossible to use it as our reference genome, which would have been ideal. Instead, we

used the closely related minke and humpback whale genomes to map our reads.

Although whale’s phylogeny has not been completely resolved, it is known that rorqual
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radiation occurred fast (Arnasson et al., 2018). This fact indicates the phylogenetic
closeness of these two species and supports the use of both minke and humpback whale
genomes as reference genomes for our work with fin whale. After performing the first
analyses, we decided to use only the minke genome for the remaining analyses because
its annotation was more complete than that of the humpback and yielded better results.
Nonetheless, based on our initial analyses, with this strategy we may be missing some
DMRs, but our interest was focused on detecting which genes were related to the DMRs,
rather than quantifying population differences. Hence, in the near future, when a fin
whale genome becomes available and well annotated, more DMRs may be found,

however current analyses have unveiled interesting results.

Sample size and storage conditions are the second limitation of this study. One
prerequisite for selecting an individual’'s skin sample was to have information on its age,
and that this age should be within a maximum range of 15 years (see Materials and
Methods section). In addition, skin samples had been preserved at -20°C for almost 40
years, which in some specific cases made DNA extraction difficult, which also reduced
the final number of samples. Although similar studies have been conducted with a similar
number of samples per group, most of these also controlled the experimental conditions
(see for example Metzger and Schulte, 2018; Gavery et al., 2019; Hearn et al., 2019). In
our study, samples were taken from wild individuals, which adds extra noise when
comparing both populations. Therefore, our research provides some initial insights into
epigenetic differences between two populations of a baleen whale species, however, the

findings presented here should be taken as preliminary results.

DMRs in genes related to the circadian clock

Nine genes showing differential methylation were related to the circadian clock.
Circadian clock allows us to anticipate a great variety of environmental stimuli associated
with daily fluctuations, and is considered a key element for understanding animal
migrations (Gwinner, 1996; Coppack, 2008; Hafker et al., 2017).

We identified one DMR associated with an exon of Period circadian regulator 3 (PER3)
(Table 2), with the Spanish population being less methylated than the lcelandic
population. Period genes are involved in the circadian network, although PERS3 is
considered non-essential for correct circadian rhythm’s maintenance (Bae et al., 2001).
However, it has been repeatedly linked to sleep structure and regulation in humans and
animals (Viola et al., 2007; Hida et al., 2014; Archer et al., 2018), and significant
hypomethylation in the gene body has been detected in nightshift workers, suggesting

an associated decreased gene expression (Bracci et al., 2014; Bhatti et al., 2015). In
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birds, where PER3 shows a circadian-related expression (Johnston et al., 2016), it has
been proposed as a candidate gene for migration phenotypes (Ruegg et al., 2014), but
the association of genomic variants with migratory phenotypes is still not clear (Delmore
et al., 2016; Johnston et al.,, 2016; Ramos et al., 2017). Therefore, our results may
indicate a reduced expression of PER3 in the Spanish population, but its effect on

migration it still difficult to infer.

Other DMRs were also associated with genes directly related to circadian rhythms. For
instance, we found DMRs linked to metallophosphoesterase domain containing 1
(MPPED1), RNA binding motif protein 4B (RBM4B), and Glutamate Decarboxylase 2
(GAD2). MMPED1 is expressed in the brain (Chen et al., 2010), and although its
functions are still not fully understood, it has been associated with sleep and circadian
rhythm patterns (Li and Zhao, 2020). RBM4B is a posttranscriptional regulator of the
circadian clock via activating PER1 translation (Markus and Morris, 2009). A knockout of
RBMA4B results in altered circadian cycles in mice, highlighting its importance in the
circadian network (Kojima et al., 2007). GAD2 is expressed in GABAergic neurons and
catalyzes the production of the inhibitory neurotransmitter y-aminobutyric acid (GABA)
(Pan 2012). Among other functions, GABA has an important role in synchronizing
circadian rhythms among suprachiasmatic nuclei (SCN) neurons, which regulate most
of the body’s circadian rhythms (Liu and Reppert, 2000; DeWoskin et al., 2015; Ma and
Morrison, 2021).

We found three DMRs associated with three genes encoding serine-threonine protein
kinases: Calcium/Calmodulin Dependent Protein Kinase |l Gamma (CAMK2G),
Serine/Threonine Kinase 32B (STK32B), and Ribosomal Protein S6 Kinase A2
(RPS6KA2). At the general level, proteins from the serine-threonine family catalyze the
phosphorylation of serine and threonine amino acids in proteins and, among other
functions, are involved in regulating the circadian clock (Eide et al., 2005; Reischl and
Kramer 2011). Specifically, CAMK2G activation has been recently detected during the
sleep-wake transition, indicating a function in circadian rhythm regulation (Briining et al.,
2019; Su et al., 2021), and also plays a role in hippocampus-dependent learning and
memory (Proietti Onori et al.,, 2018). RPS6KA2 has been suggested as a potentially
important SCN gene, also linked to circadian rhythm regulation (McCarthy et al., 2019;
Beligala et al., 2019).

Learning and memory also have a relevant role in shaping whale migrations (Abrahms
et al., 2019). In addition to CAM2KG, which was also related to learning and memory,

we detected another gene related to these two traits: Solute Carrier Family 8 Member
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A2 (SLCB8A2). SLC8AZ2is involved in learning and memory consolidation (Molinaro et al.,
2013), and DNA methylation seems to affect its expression (Ding and Cui 2017).

We detected one last DMR located in an intron of Palladin, cytoskeletal associated
protein (PALLD). It is involved in the organization of the actin cytoskeleton and, although
it is apparently not related to the circadian clock, several studies have related it to
migration (Baerwald et al., 2016; Delmore et al., 2016). Baerwald et al., (2016) compared
the methylome landscape between migratory and non-migratory rainbow trout and found
a 24.4% increase in PALLD gene methylation in non-migratory individuals. In our study,
fin whales from the Spanish population presented an average increase of 25.8% in
methylation compared with the Icelandic population. This result could reflect a difference
between both populations, where the Icelandic individuals would show a stronger

migratory phenotype than Spanish individuals.

All these differences may be consequence of differential migration patterns between both
populations. The fin whale population summering off Spain is assumed to be composed
of individuals from a single breeding ground (IWC 2009), but their winter locations are
still not clear. Whaling data from northwestern Spain showed a peak in abundance during
the months of July and August, in concordance with the use of this area as a summer
feeding ground. However, fin whales were also caught, in smaller numbers, in late
autumn, winter, and spring (Sanpera and Aguilar, 1992). This data suggests that
although most of the fin whales in this population migrate during autumn, some animals
may remain in the area and/or a sequential occupation of northwestern Spain’s coasts
by fin whales from other feeding grounds may occur (Silva et al., 2019; Gauffier et al.,
2020), who could use this region as a wintering ground. The bulk of the Spanish fin whale
population seems to migrate to southern areas, for example off the northwestern coast
of Africa (Vighi et al., 2016), although some animals seem to travel into the western
Mediterranean Sea (Castellote et al., 2012; Gauffier et al., 2018; Pereira et al., 2020).

On the other hand, the population summering off Iceland seems to be composed mainly
of individuals wintering off the central Atlantic, including the Azores region (IWC 2009;
Silva et al., 2013). In addition, recent studies suggest that fin whales sampled in the
Azores during spring had been previously feeding off northwestern Spain during the
winter, supporting a sequential occupation of the latter area by fin whales from different
feeding grounds (Silva et al., 2019; Gauffier et al., 2020). Whatever the case, it seems
clear that the Icelandic and the Spanish populations perform dissimilar migrations, both
in distance and route, with the Icelandic population travelling longer distances through

colder waters than the Spanish population. In addition, departure environmental cues,
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such as photoperiod (Bani Assadi and Fraser, 2021), temperature (Burnside et al., 2021),
or resource tracking (Visser et al., 2011; Abrahms et al., 2019) may present strong
differences between the Icelandic and Spanish coasts. Although distribution during
winter is still not clear, fin whales seem to show fidelity to their feeding grounds (see, for
example, Robbins et al., 2007), so it is reasonable to expect some degree of adaptation
to the specific departure environmental conditions of their preferred summer feeding

region.

However, it is difficult to infer the impact that methylation patterns may have on complex
aspects, such as migration. For most genes, there are no previous studies on how
methylation affects their expression (see above), and although cytosine methylation is
generally considered to be associated with the inhibition of gene expression (Siegfried
and Simon, 2010), it is difficult to predict what effect it would have on the different
migratory phenotypes. Therefore, our results show a potential link between differential
migratory phenotypes and the genes mentioned above, but further studies will be

required to better understand the nature of these associations.

We should also note that, although in this study we analyzed skin, most of the DMRs
discussed above were associated with genes whose expression occurs primarily in the
brain. Similar results were obtained when analyzing muscle from rainbow trout, where
most DMRs were also associated with genes involved in neuronal development
(Baerwald et al., 2016). It is possible that, even though there are specific epigenetic
patterns among tissues, some differences may be detected regardless of the tissue
analyzed. In vitro studies have shown that global DNA methylation levels do not show a
drastic change during differentiation (Geiman and Muegge, 2010). Transition from
undifferentiated to somatic cells only requires subtle changes in DNA methylation at
specific promoters (see, for example, Meissner et al., 2008). In addition, the skin and the
nervous system develop from the same precursor tissue, the neuroectoderm (Fuchs,

2007), potentially leading to more similarities between both tissues.

DMRs in genes related to muscle metabolism and growth

We also found three DMRs associated with genes related to muscle metabolism and
growth: Calpain 1 (CAPNT1), Collagen Type XXII Alpha 1 Chain (COL22A1), Collagen
Type XV Alpha 1 Chain (COL15A1). CAPN1 is a calcium regulated protease and has a
key role during muscle regeneration (Kemp et al., 2013). Starvation seems to increase
CAPN1 expression (Salem et al., 2005), while hypomethylation of its promoter has been
related to a reduction in its expression (Fernandez et al., 2012). Although our DMR is

located in an intronic zone, the relative hypomethylation found in the Spanish individuals
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may suggest a lower expression in this population compared with the Icelandic
population. COL22A1 and COL15A1 encode proteins which contain one or more
collagen-like domains. COL15A1 has a role during lesion development (Durgin et al.,
2017), while COL22A1 strengthens skeletal muscle attachments during contractile
activity, and some alleles with higher expression have been linked to muscle injury risk
(Charvet et al., 2013; Miyamoto-Mikani et al., 2020). Differences related to muscle
metabolism and growth may also be a consequence of the different migration patterns
between both populations, especially related to the different distances traveled during

migratory movements.

DMRs in genes related to contamination

The DNA methylation landscape is altered by different environmental cues, and
contamination is not an exception (Nilsen et al., 2016; Curtis et al., 2021). Two DMRs
associated with genes whose expression is related to the presence of contaminants:
Cytochrome P450 Family 26 Subfamily C Member 1 (CYP26C1) and Aryl-Hydrocarbon
Receptor Repressor (AHRR).

CYP26C1 is a member of the cytochrome P450 superfamily. Cytochrome P450 proteins
participate in a wide range of metabolic reactions and play a core role during the
metabolism of several contaminants such as organochlorine compounds, including
PCBs (Polychlorinated biphenyls) (Watanabe et al., 1989; Boon et al., 1997) and the
polycyclic aromatic hydrocarbons (e.g., Wilson et al., 2005). In addition, heavy metal
cations are capable of inducing Cyp7a1 gene expression (Korashy et al., 2005). Here,
we found that the Spanish population presented an average hypomethylation of 22.3%
of CYP26C1 compared with the Icelandic population. This DMR was located 100bp
upstream of the 5‘UTR exon, probably corresponding to the promoter region. In other
P450 genes, hypomethylation of enhancer and promoter has been associated with
higher expression of P450 (Tokizane et al., 2005). In addition, Mancia et al., found that
CYP26B1, another P450 gene, was also hypomethylated in fin whales showing a high-

level of contaminant exposure.

On the other hand, we found that the Spanish population showed an average
hypermethylation of 25%, compared with the Icelandic population, in the DMR located in
an exon of AHRR. AHRR mediates the toxicity of dioxin-like compounds and polycyclic
aromatic hydrocarbons (e.g., Cald et al, 2014; Zhou et al, 2010), and its
hypomethylation has been repeatedly related to smoking status, suggesting an

association between increased expression and hypomethylation (see, for example,
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Philibert et al., 2020). Contrasting with the previous finding where P450 appears to be

more expressed in the Spanish population, in this case, we observe the opposite pattern.

In general, contaminant levels in baleen whales are low compared with other marine
mammals (Aguilar and Garcia-Vernet 2018). Different concentrations of heavy metals
have been detected between both populations in muscle and bone (Sanpera et al., 1996;
Vigh et al., 2017), although in the former, concentrations were higher in Iceland and in
the latter higher in Spain. PCB concentrations are quite low in both populations, being
slightly lower in the Icelandic fin whales (Borrell, 1993; Aguilar and Borrell, 1988).
Therefore, although different contamination patterns exist between the two populations,

these patterns may differ depending on the contaminant and tissue analyzed.

Conclusions

In summary, although both populations do not present a clear genetic differentiation, we
found evident epigenetic differences between them. Some of these epigenetic
differences were associated with genes related to different life history traits, especially
migration-related traits, suggesting that this diversity reflects differential migrations
between individuals from the two feeding grounds. Overall, our results show that
epigenomics has a great potential to detect adaptative strategies to differential
environments and life histories, which can be useful to better discriminate among

populations presenting low genetic divergence.
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Table $3. DMRs associated with minke whale genes. Meth diff. indicates the comparison
between both populations, with positive values indicating increased methylation and
negative values indicating decreased methylation in individuals from the Spanish
population. CpGs indicates the total number of CpGs, and DMCs indicates the number
of these CpGs presenting differential methylation between both populations. g-value

indicates the significance of each DMR.

ID Name

Tyrosine Kinase With Immunoglobulin
Like And EGF Like Domains 1

ANKRD27 Ankyrin Repeat Domain 27

Protein Tyrosine Phosphatase
Receptor Type N2

CCDcC27 Coiled-Coil Domain Containing 27

TIE1

PTPRN2

Calcium/Calmodulin Dependent

Sline Protein Kinase || Gamma
MROH1 Maestro Heat Like Repeat Family
Member 1
Calmodulin Regulated Spectrin
Gl Associated Protein Family Member 2
Cyclic Nucleotide Gated Channel
CNGB1 Subunit Beta 1
ADGRG1 Adhesion G Protein-Coupled
Receptor G1
PEBP4 Phosphatldylethaqolamlne Binding
Protein 4

COL12A1 Collagen Type XlI Alpha 1 Chain

ATP1A3 ATPase Na+/K+ Transporting Subunit
Alpha 3

SLC8A2 Solute Carrier Family 8 Member A2
VAV1 Vav Guanine Nucleotide Exchange

Factor 1
PER3 Period Circadian Regulator 3
COL16A1 Collagen Type XVI Alpha 1 Chain
CAPN1 Calpain 1
RBM4B RNA Binding Motif Protein 4B

OSBPL5 Oxysterol Binding Protein Like 5
Potassium Voltage-Gated Channel

KCNQT Subfamily Q Member 1
FAM193A Family With Sequence Similarity 193
Member A
DBNDD1 Dysbindin Domain Containing 1
COTLA Coactosin I;I:;;;]Aftm Binding
RARB Retinoic Acid Receptor Beta
ZFAND2A Zinc Finger AN1-Type Containing 2A
HSPG2 Heparan Sulfate Proteoglycan 2
HOXB5 Homeobox B5
HOXB6 Homeobox B6
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Meth diff CpGs DMCs

23,6
-21,6
-22,4
-21,4
-23,3

253
23,4

25,6
22,8

-34,7
-22,2
20,2
23,1

-26,8

-42,0
-20,8
-22,8
-28,9
31,4

26,2

-28,7
26,4
20,1

-23,1
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-25,6
33,2
37,3
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q-value
1,66E-26
2,19E-25
2,13E-21
2,42E-19
7,32E-09

6,06E-16
9,55E-14

7,21E-20
1,36E-28

6,94E-25
1,06E-40
3,21E-18
4,15E-15
7,53E-22

1,72E-41
2,59E-15
1,28E-11
2,61E-36
2,21E-26

3,51E-18

3,96E-25
4,00E-21
4,79E-36
6,88E-17
2,57E-23
1,18E-16
3,08E-23
5,59E-121



CISD3 CDGSH Iron Sulfur Domain 3

MLLT6 MLLT6, PHD Finger Containing
IKZF1 IKAROS Family Zinc Finger 1
FGFR1 Fibroblast Growth Factor Receptor 1
LYPLAL1 Lysophospholipase Like 1
IQSECH1 IQ Motif And Sec7 Domain ArfGEF 1
HOXC6 Homeobox C6
Pz PresPaidincslors Prosphae -
ANKRD17 Ankyrin Repeat Domain 17
NAPSA Napsin A Aspartic Peptidase
NPAS3 Neuronal PAS Domain Protein 3
ZNF268 Zinc Finger Protein 268
RBFOX2 RNA Binding Fox-1 Homolog 2
NMDA Receptor Synaptonuclear
NSMF Signaling And Neuronal Migration
Factor

Heart Development Protein With EGF

FIEE Like Domains 1
NTM Neurotrimin
NTM Neurotrimin
COL22A1 Collagen Type XXII Alpha 1 Chain
CPAG6 Carboxypeptidase A6
MSC Musculin
CRISPLD1 Cysteine Rich _Secretor_y Protein LCCL
Domain Containing 1
GNAS GNAS Complex Locus
FAM210B Family With Sequence Similarity 210
Member B

ZMYNDS8  Zinc Finger MYND-Type Containing 8
RPS6KA2 Ribosomal Protein S6 Kinase A2
ATP5MF  ATP Synthase Membrane Subunit F

CRTAC1 Cartilage Acidic Protein 1
Cytochrome P450 Family 26

CYP26C1 Subfamily C Member 1
PAX3 Paired Box 3
EXT1 Exostosin Glycosyltransferase 1
ArfGAP With SH3 Domain, Ankyrin
SSI Repeat And PH Domain 1
KHDRBS3 KH RNA Binding Domain Containing,

Signal Transduction Associated 3
RANGAP1 Ran GTPase Activating Protein 1

Protein Kinase C And Casein Kinase
Substrate In Neurons 2

MPPED1 Metallophosphogs_terase Domain
Containing 1

BICDLA1 BICD Family Like Cargo Adaptor 1
SLC15A4  Solute Carrier Family 15 Member 4

PACSIN2
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-22,2
-22,2
-26,3
41,8
34,6
25,8
-22,1
-28,2
21,4
-27.,9
24,3
28,9
-25,5

24,4

-27,2

24,5
-27,7
-21,7
23,5
-20,0

21,2

-21,2
27,3

24,0
29,7
22,8
-20,4

-22,3

-33,8
20,0

20,5
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25,6
-26,4

-20,1
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28,7
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6,14E-20
6,14E-20
5,48E-17
1,87E-48
2,61E-51
3,94E-39
3,53E-23

1,65E-20

3,20E-27
2,24E-25
1,02E-14
4,44E-27
6,16E-36

2,29E-20

1,65E-28

2,95E-23
1,77E-26
1,54E-17
7,85E-31
9,44E-35

1,25E-14

1,19E-15
7,11E-25

2,03E-27
2,13E-17
9,88E-17
1,44E-11

1,95E-33

9,53E-43
1,47E-27

3,34E-27

1,22E-24
2,83E-24
9,10E-51

1,92E-68

1,90E-10
1,78E-35



FZD10
GAD2
TBX2
STK32B
AHRR

NEDDA4L

PRRT3

TAMM41

FGD5

PALLD

DACT1

SYNE2

PKHD1

UCHLA1
ATF6B
FKBPL

Frizzled Class Receptor 10

Glutamate Decarboxylase 2
T-Box Transcription Factor 2
Serine/Threonine Kinase 32B

Aryl-Hydrocarbon Receptor Repressor
NEDD4 Like E3 Ubiquitin Protein
Ligase
Proline Rich Transmembrane Protein
3

TAM41 Mitochondrial Translocator
Assembly And Maintenance Homolog
FYVE, RhoGEF And PH Domain
Containing 5
Palladin, cytoskeletal associated
protein
Dishevelled Binding Antagonist Of
Beta Catenin 1
Spectrin Repeat Containing Nuclear
Envelope Protein 2

PKHD1 Ciliary IPT Domain Containing
Fibrocystin/Polyductin

Ubiquitin C-Terminal Hydrolase L1
Activating Transcription Factor 6 Beta
FKBP Prolyl Isomerase Like

PCDHGC4 Protocadherin Gamma Subfamily C, 4

OLFM1
PLPP7

RALGPS1
SCG3
ASAP2
SASH1
SHB
COL15A1
CAP2

TBC1D8
MECOM

KCTD1

HEXA
HMGN1
TK2

Olfactomedin 1

Phospholipid Phosphatase 7
(Inactive)
Ral GEF With PH Domain And SH3
Binding Motif 1
Secretogranin I

ArfGAP With SH3 Domain, Ankyrin
Repeat And PH Domain 2

SAM And SH3 Domain Containing 1

SH2 Domain Containing Adaptor
Protein B

Collagen Type XV Alpha 1 Chain

Cyclase Associated Actin
Cytoskeleton Regulatory Protein 2

TBC1 Domain Family Member 8
MDS1 And EVI1 Complex Locus

Potassium Channel Tetramerization
Domain Containing 1
Hexosaminidase Subunit Alpha

High Mobility Group Nucleosome
Binding Domain 1

Thymidine Kinase 2

162

29,3
-21,2
-24,1
-20,5
25,1

-23,8
22,9

24,7

-20,4
25,8
24,5
22,1

22,4

22,4
27,9
27,9
27,3
-21,2

-26,2
-21,5
-23,8
39,5
21,9
-27,7
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20,2
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-28,9
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W W OO WWSs

W O© W W WU A W LW B OWWLWLWWWN N

L U U S R S .

= N NDNMNDNW

O N N RN
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7,30E-29
1,86E-08
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2,24E-25
1,16E-20

1,51E-15

2,39E-14
1,33E-15
4,41E-34
2,19E-23

8,79E-78

8,79E-78
8,58E-30
8,58E-30
4,28E-42
6,30E-14

8,49E-44
1,19E-15
1,43E-27
1,19E-61
8,22E-56
4,06E-21
8,24E-18
2,12E-20

4,00E-65
2,27E-14

6,46E-25

2,74E-31
2,46E-90
1,79E-23



Table S4. Summary of our results for GO Biological Process ontology terms which were
significantly enriched in our DMRs.

ID p value Count NAME
G0:0051345 0,0074 2 positive regulation of hydrolase activity
G0:0065007 0,0033 18 biological regulation
G0:0097320 0,0185 1 plasma membrane tubulation
G0:0006351 0,0225 9 transcription, DNA-templated
GO:0019219 0,0017 11 regulation of nucleobase-containing compound metabolic
— process
G0:0044091 0,0277 1 membrane biogenesis
G0:0031175 0,0457 1 neuron projection development
G0:0019438 0,0446 9 aromatic compound biosynthetic process
G0:0018130 0,0473 9 heterocycle biosynthetic process
G0:0019222 0,0039 11 regulation of metabolic process
G0:0071709 0,0277 1 membrane assembly
G0:0031579 0,0277 1 membrane raft organization
G0:0050794 0,0092 16 regulation of cellular process
G0:0032774 0,0227 9 RNA biosynthetic process
G0:0051336 0,0177 2 regulation of hydrolase activity

G0:0034654 0,0405 9 nucleobase-containing compound biosynthetic process
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DISCUSION

Los resultados de los trabajos incluidos en esta tesis cubren distintas lagunas de
conocimiento, relacionadas con la dieta, migracion y estructura poblacional del rorcual
comun de Islandia. En esta seccion se procedera a resumir, integrar y discutir los
principales resultados obtenidos para cada una de estas cuestiones, englobandolas en
dos bloques generales. En el primer bloque se tratara la dieta del rorcual comun vy el
solapamiento de ésta con los otros rorcuales que habitan en las mismas aguas, mientras
que en el segundo bloque se trataran las migraciones y la estructura poblacional del

rorcual comun de Islandia.

Bloque 1: Dieta e interacciones interespecificas

Entre otras aplicaciones, los is6topos estables han sido ampliamente utilizados para
inferir la dieta (ver por ejemplo Hopkins Il and Ferguson 2012) y el estado nutricional
(ver por ejemplo Polischuk et al. 2001) en una gran diversidad de especies. En esta
tesis, se han analizado los is6topos estables de nitrégeno, carbono y azufre en dos

tejidos con propiedades metabodlicas marcadamente distintas.

En el Capitulo 1, se analizaron muestras de piel de las especies de misticetos que
ocupan las aguas islandesas en verano para inferir su dieta durante la época de
alimentacion, asi como las posibles competencias por los recursos entre las ballenas
que acuden en verano a las aguas islandesas. Esta discusion general se ha centrado
en los resultados directamente relacionados con el rorcual comun, pero pueden

encontrarse resultados adicionales en el articulo incluido en el Capitulo 1.

En los Capitulos 2 y 3, se analizaron barbas de distintos individuos de rorcual comun.
Las barbas de las ballenas crecen de manera continuada, pero una vez el tejido ha sido
depositado en la encia, éste queda biolégicamente inerte y su composicion no se altera
con el tiempo. Este depdsito progresivo permite que se genere un registro secuencial
de los valores isotépicos de los animales, reflejando los cambios que ocurren en la dieta

0 en la ubicacion geogréfica durante una ventana temporal de alrededor de dos afios.

Dieta en la zona de alimentacion e interacciones con otros rorcuales en Islandia

Las ratios de los is6topos estables de nitrdgeno y carbono analizados en piel de rorcual

comun de Islandia indicaron que esta especie se alimenta casi exclusivamente de krill.
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Aunque el krill esta considerado la presa principal del rorcual comun del Atlantico Norte
(Aguilar and Garcia-Vernet 2018), en algunas regiones geograficas se ha visto que una
parte significativa de la dieta esta compuesta de pescado, incluyendo especies como el
capelan o el arenque (Jonsgard 1966, Kawamura 1980, Aguilar and Garcia-Vernet
2018). Esta aparente contradiccidon seguramente esté explicada por un cambio de dieta
a lo largo de la estacion, con un incremento de consumo de pescado al acercarse la
época otofial (MFRI, datos no publicados). En el Capitulo 1, la mayoria de las muestras
de piel de rorcual comun fueron obtenidas a mediados de verano, época en la que
parece que se especializa en el consumo de krill, mientras que el consumo de pescado

queda relegado a un porcentaje muy marginal.

Otro factor importante que merece la pena ser comentado es la posible competencia
interespecifica entre el rorcual comun y otras especies de rorcuales que se alimentan
en aguas islandesas. Los resultados de los isétopos estables de nitrégeno y carbono
mostraron una segregacion significativa entre el rorcual comun y la ballena jorobada, el
rorcual aliblanco y el rorcual boreal. A pesar de que en todas las especies mencionadas
el krill fue la presa principal, la ballena jorobada y el rorcual aliblanco también
presentaron un consumo de pescado destacable, en consonancia con lo descrito en
otras regiones del Atlantico Norte (Clapham 2018, Pike et al. 2019, Vikingsson et al.
2014). Por otra parte, el rorcual boreal se situd en el nivel tréfico mas bajo, reflejando un
consumo considerable de copépodos (Sigurjénsson 1995). Por tanto, aunque todas las
especies de rorcuales dependen sustancialmente del krill, es probable que la
competencia interespecifica se vea mitigada por la presencia de pescado y de
copépodos en la dieta de las ballenas jorobadas, los rorcuales aliblancos y los rorcuales

boreales.

Sin embargo, en el caso de la ballena azul, los resultados de los isétopos de nitrégeno
y carbono mostraron una alimentacion basada casi exclusivamente en krill, como ocurre
en el caso del rorcual comun. Aunque no existen estudios previos de la dieta de las
ballenas azules en Islandia, nuestros resultados son concordantes con las
observaciones realizadas en otras regiones del Atlantico Norte (Sears and Perrin 2018),
y serian una explicacion plausible al alto porcentaje de asociaciones descritas entre
individuos de rorcual comun y ballena azul (Aguilar and Garcia-Vernet 2018). No
obstante, este claro solapamiento de la dieta, reflejado en las ratios isotépicas del

nitrégeno y el carbono, apunta a una posible competencia entre estas dos especies.

Aunque las presas que componen la dieta de las ballenas azules y los rorcuales

comunes sean altamente coincidentes, existen otros métodos para evitar la competicion
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interespecifica. Por ejemplo, la segregacion espacial (ocupacion de areas distintas) o la
segregacion temporal (ocupacion secuencial de las aguas islandesas) permiten reducir
la presion ejercida sobre un mismo recurso ecolégico y disminuir la competencia
(Clapham and Brownell 1996). En esta linea, las ratios de los isétopos estables de azufre
nos proporcionan informacion relevante sobre el grado de segregacion espacial, ya que
los valores de 5%S se reducen de manera considerable en zonas costeras que reciben
aportes de agua dulce (Nehlich 2015). Las ratios de los is6topos de azufre de rorcual
comun y ballena azul no presentaron diferencias significativas, probablemente
reflejando un comportamiento mayoritariamente oceanico; no obstante, y a pesar de la
falta de significacion, las diferencias fueron mayores que las observadas para las ratios
de nitrégeno y carbono, sugiriendo un cierto grado de segregacion espacial.
Basandonos en los valores de 3%S del Capitulo 1, seria posible que los rorcuales

comunes fueran algo mas costeros que las ballenas azules.

Sin embargo, es necesario destacar que en Islandia se ha observado que las ballenas
azules tienen un comportamiento mas costero, ubicandose mayoritariamente en la
plataforma continental, mientras que el rorcual comun parece ser mas oceanico (Pike et
al. 2009, Pike et al. 2019), a diferencia de lo observado en otras regiones del Atlantico
Norte, en las cuales las ballenas azules también se localizan en alta mar (Lesage et al.
2017). Una potencial explicacion seria que los valores de %S de las ballenas azules
estén reflejando parcialmente la sefial isotépica previa a su llegada a Islandia; esta
hipdtesis esta reforzada en el hecho de que, a nivel secuencial, las ballenas azules son
de las ultimas especies en llegar a Islandia (Sigurjonsson and Vikingsson 1992, 1997).
Sin embargo, por el momento se trata tan solo de una hipétesis, ya que actualmente se

desconoce la tasa de recambio de los valores de 3%*S en piel de ballena.

Comportamiento alimentario en las zonas de invernada

Fuera de las zonas de alimentacion, existe poca informacién disponible sobre el
comportamiento alimentario del rorcual comun. Tradicionalmente, se ha considerado
que la alimentacion invernal es escasa o inexistente, ya que las hipotéticas zonas de
reproduccion son oligotroficas y ofrecen pocas oportunidades de alimentacion (Aguilar
and Garcia-Vernet 2018). Sin embargo, algunos estudios recientes han constatado la
existencia de alimentacion ocasional durante los movimientos migratorios (Silva et al.
2013), por lo cual el escenario planteado inicialmente podria ser mas complejo de lo que

se creia en un principio.
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Como puede verse en los Capitulos 2 y 3, los andlisis isotopicos de nitrégeno, carbono
y azufre realizados a lo largo de la longitud de barbas de los distintos individuos
mostraron oscilaciones, reflejando las migraciones estacionales descritas en el rorcual
comun (Aguilar and Garcia Vernet 2018). Ademas, los resultados del Capitulo 2
indicaron una correlacion consistente entre los valores de 3'°N y &%S. Aunque esta
correlacion no se observé al analizar la piel (ver Capitulo 1), si se habia descrito
anteriormente en barbas de ballenas de Groenlandia (Matthews and Ferguson 2015).
Estos resultados podrian estar indicando que los valores de 534S no reflejan solamente
cambios en la localizacién espacial de las ballenas, sino también cambios en la dieta,

ya sea relacionados con un cambio de nivel tréfico o con un ayuno estacional.

La comparacion entre los resultados obtenidos en el Capitulo 1 (analisis en pieles) y en
el Capitulo 2 (analisis en barbas) nos permite descartar con bastante seguridad la
opcion de que los valores de 534S estén reflejando un cambio de nivel tréfico. En general,
los valores de 3%*S son bastante homogéneos entre distintos tejidos (Arneson and
MacAvoy 2005, Webb et al. 2017), y la discriminacion entre dieta y consumidor esta
considerada negligible (Krajcarz et al. 2021). Respaldando esta hipétesis, en el Capitulo
1 puede observarse que algunas especies de ballenas de Islandia con distinto nivel

tréfico, reflejado en sus valores de 8'°N en piel, presentan valores muy similares de 534S.

Los resultados obtenidos en el Capitulo 2 muestran un incremento de los valores de
0'N y 3%*S en las zonas de la barba que fueron sintetizadas en invierno, época en la
cual podria estarse produciendo un posible ayuno. Durante periodos de elevado estrés
nutricional, los animales utilizan como fuente de nitrégeno sus propias reservas
proteicas, lo cual parece producir un incremento de los valores de 6'°N (Hobson et al.
1993, Lee et al. 2012). Aunque en el caso del azufre esta relacién no esta tan clara,
también se ha apuntado que los periodos de ayuno o de bajo consumo de proteinas
podrian producir un incremento de los valores %S (Richards et al. 2003). Teniendo en
cuenta que las barbas estan principalmente formadas de queratina, cuyo aminoacido
principal es la cisteina (Wang et al. 2016), y que la cisteina puede sintetizarse a partir
de la metionina y la serina (Finkelstein 1990), podria ser que la contribucion de azufre

enddgeno estuviera produciendo un enriquecimiento del **S (Richards et al. 2003).

Aunque esta hipotesis es concordante con los resultados presentados en el Capitulo 2,
las oscilaciones observadas siguen el patrén opuesto al descrito por Matthews and
Ferguson (2015): mientras que en los rorcuales comunes de Islandia se observa un
aumento de los valores de d'°N y %S en invierno, en las ballenas de Groenlandia se

produce una disminucién de los valores de 3N y %8S. Asi mismo, en rorcuales
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comunes de Espafia también se ha observado un descenso de la sefial de 6'°N durante
periodos invernales, sugiriendo que en esta especie podria prevenirse el efecto del
ayuno a través de depredacion ocasional y adaptaciones metabdlicas (Aguilar et al.
2014). Independientemente del motivo, lo que resulta evidente es que, si la relacion
entre los valores de 3N y 3%'S se debe a procesos metabdlicos consecuencia del

ayuno, la direccionalidad de las oscilaciones deberia ser la misma en todos los estudios.

La ultima hipétesis plausible, contemplada por Matthews and Ferguson (2015), seria
una variacién coincidente de los valores de 3'°N y 3%*S: mientras que los valores de 534S
estarian reflejando principalmente cambios en la localizacién espacial, los valores de
0'°N estarian reflejando tanto la dieta como la localizacién geografica. En el caso de los
valores azufre, a nivel general se considera que los valores del océano son bastante
homogéneos, situandose alrededor de 21%. (Rees et al. 1978). No obstante, existen
algunos factores que pueden afectar la sefal isotépica del azufre. Por ejemplo, las
emisiones de las dorsales ocednicas tienen valores de 6%*S que oscilan entre 3-13%o,
mientras que las emisiones volcanicas oscilan entre -10 y 10%o (Strauss 2004). Teniendo
en cuenta que Islandia esta situada en una zona volcanicamente activa (Einarsson
1991), estas emisiones podrian justificar los valores bajos de %S en los segmentos de
las barbas sintetizados en verano. Esta hipétesis se ve también respaldada por los
resultados obtenidos en el Capitulo 1. Los valores de 534S de piel de rorcuales comunes
de Islandia presentaron una sefial empobrecida en 34S respecto a los rorcuales comunes
del mar Mediterraneo (Borrell et al. 2021): 18.8%o0 + 0.4 vs 19.3%o * 0.4, respectivamente.
Estas diferencias, que a pesar de ser pequefnas resultan significativas, soportarian la

hipotesis de que las aguas islandesas presentan valores mas bajos de 54S.

Por otra parte, la escasa magnitud de variacion total que se observa en las oscilaciones
del 3%S respecto a las del 3'°N podria deberse al mismo motivo. Mientras que las
oscilaciones del 534S estarian reflejando pequefas variaciones en un océano bastante
uniforme, las oscilaciones del 8'°N estarian reflejando tanto variaciones geograficas,
probablemente ocasionadas por la asociacion de los rorcuales a eventos de
afloramientos (Mompean et al. 2013, Rita 2021), como posibles cambios en la dieta. De
hecho, los datos aqui presentados respaldan estudios previos que sugieren que los
rorcuales comunes aumentan el consumo ocasional de pescado durante el invierno
(Christensen et al. 1992, Rita 2021), lo cual se reflejaria en el aumento de los valores

de 6"°N observados durante la época invernal.

En resumen, los resultados de esta tesis muestran que, durante los primeros meses de

estancia en Islandia, el rorcual comun se alimenta principalmente de krill, siendo el
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consumo de pescado muy anecdotico. Asi mismo, se observa un solapamiento de los
nichos isotépicos del rorcual comuan y la ballena azul, debido a que ambas especies
consumen casi exclusivamente krill. Esta competencia interespecifica podria verse
mitigada por una cierta segregacion espacial o temporal, reflejada principalmente en los
valores de 6**S. Ademas, las oscilaciones isotopicas detectadas en barbas respaldan
movimientos migratorios estacionales, y aunque no puede descartarse la existencia de
un ayuno, los valores de 6%*S en las barbas parecen reflejar cambios en la ubicacion
geografica de los individuos, y no cambios relacionados con la dieta. Por otra parte, el
incremento en los valores de &'°N durante la época de invierno podria indicar tanto

cambios geograficos como un incremento del nivel trofico.

Bloque 2: Migraciones y estructura poblacional

En los articulos incluidos en esta tesis se utilizaron tanto analisis de is6topos estables,
concretamente del nitrégeno (Capitulo 3) como analisis de la metilacion del ADN
(Capitulos 4 y 5) para tratar de resolver el comportamiento migratorio y la diferenciacion

poblacional del rorcual comun de Islandia.

Como se presenta en el Capitulo 3, los resultados de los analisis isotépicos del
nitrégeno, realizados a lo largo de la longitud de las barbas de 24 individuos, mostraron
una alta variabilidad en el patron de las oscilaciones. Una primera hipétesis seria que la
variabilidad observada, tanto en la magnitud como en la amplitud de los ciclos, pueda
deberse a diferencias en el tamafio de las barbas muestreadas. Segun esta hipdtesis,
la diversidad que se encuentra en el tamafio de las barbas de un mismo animal seria
consecuencia directa de tasas de crecimiento diferenciales. No obstante, en el Capitulo
2 se descartd que el tamafio de las barbas, asi como su posicion relativa en la boca del
rorcual, estuviera afectando al patron de las oscilaciones. En ese capitulo, se determiné
que la diferencia que se observa en el tamano de las barbas de un mismo animal se

debe a diferentes tasas de erosion segun la posicion relativa en la boca del rorcual.

Por tanto, esta variabilidad interindividual podria estar reflejando una dispersion de los
individuos en aguas abiertas durante la época de invierno, un comportamiento que
podria ser generalizado en las especies del género Balaenoptera (Mackintosh 1966,
Payne and Webb 1971, Whitehead and Rendell 2015; Aguilar and Garcia-Vernet 2018).
Esta dispersién invernal proporcionaria mayores posibilidades de alimentarse de forma

oportunista durante las migraciones y en las zonas reproductivas (Silva et al. 2013, Silva
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et al. 2019), y explicaria también el aumento de los valores de 6'°N que se observa en

los fragmentos de barba sintetizados en invierno (ver Bloque 1 de la Discusion).

El articulo incluido en el Capitulo 3 también presenté otro resultado interesante: a pesar
de la alta variabilidad observada, cuatro pares de individuos exhibieron patrones de
oscilaciones muy similares, en algunos casos practicamente idénticos. Teniendo en
cuenta que los fragmentos de barbas analizados corresponderian aproximadamente a
un registro temporal de 2 afios, estos resultados sugieren la existencia de asociaciones
interindividuales a largo plazo, algo novedoso ya que hasta la fecha no se han reportado
asociaciones de este tipo en el género Balaenoptera. Una primera hipotesis planteada
fue que estas similitudes estuvieran reflejando una potencial transmision vertical de las
estrategias migratorias (Whitehead and Rendell 2015). Sin embargo, los analisis
genéticos descartaron relaciones de parentesco cercanas entre los individuos con

patrones isotopicos idénticos.

El rorcual comun, al igual que el resto de balaenoptéridos, esta considerada una especie
no gregaria, aunque es frecuente avistarlos en parejas. Ademas, en las zonas de
alimentacion es usual encontrar agrupaciones de decenas de individuos (Vikingsson et
al. 2009, Joiris et al. 2014, Aguilar and Garcia-Vernet 2018). Aunque los grupos
numerosos son efimeros, es posible que los grupos pequefios de 2 — 3 individuos
presenten una mayor estabilidad. De hecho, en la ballena jorobada se han reportado
asociaciones interindividuales estables a lo largo de los afios mientras estan en las
zonas de alimentacion, generalmente entre parejas de individuos no emparentados
(Weinrich 1991, Ramp et al. 2010, Ziegesar et al. 2021).

En el caso del rorcual comun, resulta intrigante como podria combinarse una dispersion
invernal con una estrategia de asociacién en pequefios grupos estables a lo largo del
tiempo. El rorcual comun, al igual que las ballenas azules, produce pulsos de baja
frecuencia que pueden propagarse largas distancias en el océano (Payne and Webb
1971). Aunque se considera que su uso principal es atraer a las hembras a zonas con
presas (Croll et al. 2002, Romagosa et al. 2021), también podria ser que estos sonidos
estuvieran facilitando una coordinacién entre individuos durante las migraciones, como
parece ocurrir en ballenas azules (Oestreich et al. 2020). Asi pues, esta capacidad
acustica facilitaria los movimientos grupales entre individuos dispersos en un éarea

relativamente grande (Stern and Friedlaender 2018).

Finalmente es posible que, independientemente de las potenciales asociaciones entre
individuos, algunas estrategias migratorias sean especialmente Optimas. Asi pues,

incluso bajo un contexto de dispersion invernal, podria ser que hubiera algunas
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estrategias compartidas por un nimero considerable de individuos que darian lugar a
patrones isotopicos con ciertas similitudes, como puede verse en los resultados del
Capitulo 3. Por tanto, la comparticion de estrategias migratorias similares daria también
lugar a patrones isotopicos parecidos, sin la necesidad de que los individuos estuviesen

migrando juntos a nivel espacial.

Los resultados expuestos en el Capitulo 3 presentan un marco complejo. Los rorcuales
comunes de Islandia parecen dispersarse en invierno, ya sea a nivel individual o en
pequenos grupos, conformados mayoritariamente por dos individuos. Aunque es posible
que existan estrategias migratorias especialmente éptimas que sean compartidas por
multiples individuos, resulta dificil inferir una estructura clara dentro de la poblacion de
rorcual comun de Islandia. Estos resultados llevan inevitablemente a plantearse qué
grado de conectividad puede existir con las otras poblaciones de rorcual comun que

también habitan en el Atlantico Norte.

Como se ha comentado anteriormente, la IWC determind 7 stocks, basados
principalmente en datos recopilados en las zonas de alimentacion (IWC 2009). No
obstante, la mayoria de los estudios genéticos, realizados tanto con marcadores
nucleares como mitocondriales, han encontrado baja diferenciacion genética entre
stocks, sugiriendo un elevado grado de flujo genético entre los individuos que conforman
las agrupaciones en las zonas alimentacion (Palsboll et al. 2004, Berubé et al. 2006,
Pampoulie and Danielsdottir 2013). Para tratar de arrojar algo de luz, en los Capitulos
4 y 5 se realizaron andlisis epigenéticos en individuos de dos stocks del Atlantico Norte:
Islandia y Espana. Aunque entre ambos grupos no parece existir una diferenciacién
genética considerable (Berubé et al. 1998), el aislamiento de ambas poblaciones ha sido
sugerido a raiz de andlisis realizados con técnicas no moleculares (Vikingsson and

Gunnlaugsson 2005).

En los estudios presentados en ambos capitulos se encontraron diferencias
significativas entre poblaciones. Sin embargo, cabe destacar que el objetivo principal
del estudio del Capitulo 4 era evaluar el uso de los niveles de metilacion en posiciones
CpG de 3 genes concretos (TET2, CDKN2A, GRIA2) para inferir la edad de los
rorcuales, dato fundamental para entender algunos parametros poblacionales. Los
resultados mostraron que, aunque algunas posiciones CpG variaban con la edad, esta
variacién no era lo suficientemente acusada como para permitir predicciones precisas,
como si se habia logrado en ballenas jorobadas (Polanowski et al. 2014), pero
obteniendo resultados similares a los descritos en rorcuales aliblancos (Goto et al. 2020,

Tanabe et al. 2020). No obstante, se observé que en una de las posiciones CpG del gen
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TET2, los niveles de metilacion eran significativamente distintos entre ambas

poblaciones.

Queriendo ahondar en estos resultados, en el Capitulo 5 se procedié a ampliar los
analisis previos, secuenciando los metilomas de individuos pertenecientes a los stocks
de Islandia y de Espafa. Aunque las técnicas de secuenciacion actuales permiten
testear diferencias a nivel de CpG individuales, en general las dianas reguladas por
cambios en la metilacidon suelen agruparse en regiones cortas. Por tanto, trabajar con
regiones en lugar de con posiciones discretas permite aumentar la robustez de los
analisis y, al mismo tiempo, dotar de sentido bioldgico los resultados (Gaspar and Hart
2017, Lent et al. 2018). Se identificaron 215 regiones diferencialmente metiladas, de las
cuales 96 estabas asociadas a genes anotados en el genoma de rorcual aliblanco, y un
10% de éstos estuvieron asociados a genes involucrados en el reloj circadiano. El reloj
circadiano participa en la regulacion de los ritmos fisioldgicos (Ko and Takashi 2006), y
permite la anticipacion a una gran variedad de estimulos asociados con fluctuaciones
diarias. Asi mismo, se considera que el reloj circadiano es un elemento clave regulador

de los procesos migratorios (Coppack 2008, Hafker et al. 2017).

Estas diferencias entre poblaciones, que se encuentran detalladas en el articulo que se
incluye en el Capitulo 5, pueden ser el reflejo de patrones migratorios diferenciales entre
ambas poblaciones. El stock de Espana parece estar compuesto principalmente de
individuos pertenecientes a una unidad reproductora no relacionada con el resto de los
rorcuales comunes del Atlantico Norte, mientras que la composicion del stock de Islandia
sigue bajo debate (IWC 2009). Las estadisticas de capturas balleneras de la estacion
de Canelifas, situada en la costa de Galicia, muestran un pico de abundancia en julio y
agosto (Sanpera and Aguilar 1992), concordante con el uso de esta region como zona
de alimentacion (IWC 2009), aunque también se llegaron a capturar rorcuales comunes
durante el otofo, invierno y la primavera (Sanpera and Aguilar 1992). Estos datos
sugieren que, aunque el grueso de la poblacién parece migrar a lo largo del otofio, es
posible que algunos individuos no efectien migraciones y/o que ocurra una ocupacion
secuencial por parte de rorcuales comunes de otros stocks. El destino invernal del
grueso del stock de Espafia no esta claro, pero en el sur de Portugal se detecta un pico
de abundancia de patrones acusticos asociados a rorcuales Atlanticos entre noviembre
y enero (Pereira et al. 2020). Asi mismo, parece que una parte de estos podrian hacer
incursiones al mar Mediterraneo (Castellote et al. 2012, Gauffier et al. 2018, Pereira et
al. 2020), mientras que otra podria moverse hacia la costa oeste africana (Vighi et al.
2016).
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Por otra parte, el stock de rorcual comiun de Islandia parece estar compuesto
principalmente de individuos con zonas reproductoras situadas en el Atlantico Central,
incluyendo las Azores (IWC 2009, Silva et al. 2013). Sin embargo, algunos estudios
recientes sugieren una ocupacién secuencial de las aguas situadas al noroeste de
Espafa. De esta manera, se ha descrito que algunos rorcuales que se encuentran en
las Azores en primavera, y que en verano parecen migrar hacia Groenlandia e Islandia,
parecen haberse alimentado en las costas espafiolas antes de moverse hacia el
Atlantico Central y las Azores (Silva et al. 2019, Gauffier et al. 2020).

En cualquier caso, incluso teniendo en cuenta una posible coincidencia en las costas
espafiolas, es evidente que los rorcuales pertenecientes a ambos stocks estaran
efectuando migraciones muy distintas, con los individuos de Islandia viajando mayores
distancias que los individuos de Espafa. Asi mismo, es probable que las sefiales
ambientales que los rorcuales pueden usar como indicadores de inicio de migracion en
las zonas de alimentacion, tales como el fotoperiodo (Bani Assadi and Fraser 2021),
temperatura (Burnside et al. 2021) o el seguimiento de presas (Visser et al. 2011,
Abrahms et al. 2019), presenten enormes diferencias entre las costas espafiolas e
islandesas. Teniendo en cuenta que los rorcuales comunes parecen ser bastante
consistentes en cuanto a las zonas de alimentacion que visitan (ver por ejemplo Robbins
et al. 2007), parece razonable esperar cierto grado de adaptacion a las condiciones
ambientales especificas de su zona de alimentacién preferencial. Por tanto, ya que es
probable que exista un cierto grado de flujo genético entre ambos stocks (Berubé et al.
1998, Berubé et al. 2006), los cambios en los niveles de metilacién, inducidos a raiz de
diferencias ambientales, podrian estar proporcionando heterogeneidad adaptativa a
estas dos poblaciones aparentemente homogéneas a nivel genético (Flores et al. 2013,
Merdndun et al. 2019).

En resumen, los resultados de esta tesis apuntan a que los rorcuales comunes de
Islandia tienden a dispersarse durante el invierno. Sin embargo, algunas parejas de
individuos exhiben patrones isotépicos practicamente idénticos durante al menos dos
afos, lo cual sugiere que se puedan producir asociaciones a largo plazo entre parejas
de individuos sin parentesco. También parece probable que existan estrategias
migratorias éptimas que son compartidas por diversos individuos. Por ultimo, y a pesar
de la diversidad de patrones migratorios que presentan los rorcuales del stock de
Islandia, los analisis epigenéticos respaldan diferencias adaptativas entre los individuos
que se alimentan en las costas islandesas y los individuos que se alimentan en las
costas esparfiolas. En concreto, se encontr6 un numero considerable de genes

relacionados con los ritmos circadianos, lo cual respalda que estos dos stocks estarian
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realizando migraciones diferenciales que requieren de adaptaciones especificas,

independientemente del grado de conectividad existente entre ambas poblaciones.
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CONCLUSIONES

Durante los primeros meses de verano, el rorcual comun de la poblacién
islandesa se alimenta casi de forma exclusiva de krill. EI consumo de pescado
es marginal, aunque podria ser que incrementara durante los meses de otofio e

invierno.

En Islandia, el solapamiento entre los nichos isotopicos del rorcual comun y la
ballena azul es elevado, debido a que ambas especies tienen una composicion
de dieta muy similar. Es probable que este solapamiento se vea mitigado por un
cierto grado de segregacién temporal y/o espacial, reflejada en los is6topos de

azufre.

La diferencia que se observa en el tamafio de las barbas de un mismo animal no
se debe a tasas de crecimiento distintas, sino a tasas de erosion diferentes
segun la posicién relativa de la barba en la boca del rorcual. Este resultado
permite garantizar que los datos obtenidos a partir de barbas de diversos

tamarfios son comparables entre si.

Las razones isotopicas de azufre en las barbas demuestran ser una herramienta
util para detectar movimientos a escala oceanica. Aunque se detecta una
correlacion consistente entre los valores del 3%S y el 8'°N, los resultados
obtenidos apuntan a que los is6topos de azufre reflejan movimientos entre zonas
con distintos valores base de 5%4S. Por otra parte, los resultados de los isétopos
de nitrégeno apuntan a un posible incremento de nivel tréfico de los rorcuales

comunes durante la época invernal.

Las razones isotdpicas de nitrdgeno en las barbas reflejan una alta variabilidad
de patrones migratorios, lo cual apunta a que los rorcuales comunes siguen una
estrategia de dispersion durante el invierno. Sin embargo, algunos individuos
presentan patrones isotopicos idénticos, sugiriendo posibles asociaciones
estables a lo largo de los afos entre algunos animales no emparentados.
También parece probable que existan algunas estrategias migratorias

especialmente 6ptimas, que serian compartidas por diversos individuos
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Los niveles de metilacidn en regiones de los genes TET2, CDKN2A y GRIA2, no
son Utiles para establecer un modelo fiable capaz de inferir la edad de los
rorcuales comunes. Aun asi, se observd una relacion lineal entre el incremento

de metilacion y la edad de los animales.

Las poblaciones de rorcual comun de Islandia y de Espafia presentan regiones
metiladas diferencialmente a nivel de epigenoma. Un considerable niumero de
los genes presentes en estas regiones estaban relacionados con el ciclo
circadiano u otras caracteristicas fenotipicas asociadas a la migracion, reflejando

posibles adaptaciones especificas en cada una de las poblaciones
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