395-9053

2

Online ISSN:

rity Check powered by iThenticate

2]
E
53
|5}
5}
3}
%]

Open Access

Ciencias Marinas (2023), 49:¢3361 Research Article/Articulo de Investigacion
https://doi.org/10.7773/cm.y2023.336 1

W<0)

Decline of one of the southernmost northern elephant seal (Mirounga angustirostris)
colonies and its relationship with a warm sea environment
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ABSTRACT. Over several decades, air temperature and sea surface temperature (SST) have increased in the northeastern Pacific, as has the fre-
quency of large-scale warm anomalies in SST. The objective of this study was to evaluate the impact of these warm anomalies on the production
of northern elephant seal (Mirounga angustirostris; NES) pups from the colony of the San Benito Archipelago, located in the central-western
region of the Baja California Peninsula. Pup and adult female counts from the 2002 to 2019 breeding seasons were compiled to determine the
trend in the abundance of the colony and its current state. In addition, birth rate variations during the study period were assessed. Likewise,
the presence of warm anomaly events in the SST in the potential foraging area of adult females (PFA) was analyzed. The San Benito colony
decreased at an average annual rate of 3.6% from 2002 to 2019, with an estimated abundance of 4,723 individuals (95% CI: 3,821-5,615) in
2019. However, the birth rate remained constant (mean 0.68 + 0.08), even though several warm anomaly events associated with El Nifio and
The Blob phenomena were detected in the PFA. Our results suggest that large-scale warm anomalies in the SST do not severely impact NES
pup production, thus the decline of the San Benito colony since the late 1900s could be due to other environmental factors, such as the increase
in air temperature associated with climate change.

Key words: climate change, pinnipeds, population trend, pup production, sea surface temperature anomalies.

RESUMEN. Desde hace varias décadas, tanto la temperatura del aire como la temperatura superficial del mar (TSM) han incrementado en el
Pacifico Nororiental, al igual que la frecuencia de anomalias calidas de gran escala en la TSM. El objetivo del presente estudio fue evaluar
el impacto de estas anomalias calidas en la produccion de crias de elefante marino del norte (Mirounga angustirostris; EMN) de la colonia
del archipiélago San Benito, ubicada en la region centro-occidental de la peninsula de Baja California. Se compilaron los conteos de crias y
hembras adultas de las temporadas reproductivas de 2002 a 2019 para determinar la tendencia y la abundancia actual de la colonia, asi como
para evaluar las variaciones en la tasa de nacimientos durante el periodo de estudio. Asimismo, se analizo6 la presencia de eventos de anoma-
lias calidas en la TSM en la zona potencial de alimentacion de las hembras adultas (ZPA). La colonia de San Benito decreci6 a una tasa anual
promedio de 3.6% de 2002 a 2019, y para 2019 se estim¢ la abundancia en 4,723 individuos (IC 95%: 3,821-5,615). Sin embargo, la tasa de
nacimientos se mantuvo constante (media 0.68 + 0.08), a pesar de que se detectaron varios eventos de anomalias calidas asociadas a los feno-
menos de El Nifio y La Mancha. Nuestros resultados sugieren que las anomalias calidas de gran escala en la TSM no impactaron severamente
la produccion de crias del EMN, por lo que el declive de la colonia de San Benito desde finales de la década de 1990 podria deberse a otros
factores ambientales, como el incremento en la temperatura del aire asociado al cambio climatico.

Palabras clave: cambio climatico, pinnipedos, tendencia poblacional, produccion de crias, anomalias de temperatura superficial del mar.
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INTRODUCTION

Marine mammals are sentinel species that allow mon-
itoring changes in the structure and function of marine
ecosystems due to their conspicuous nature, longevity, fat
reserves, and high trophic position (Bossart 2006, Hazen
et al. 2019). They incorporate and reflect long-term spatial
and temporal scale variations (Moore 2008) and reveal the
response of ecosystems to environmental variability (Hazen
et al. 2019). Within this group are the pinnipeds, which
respond rapidly to changes in prey availability due to cli-
matic oscillations (Le Boeuf and Crocker 2005, Robinson et
al. 2012, Paez-Rosas et al. 2020).

The northern elephant seal (Mirounga angustirostris;
NES) is distributed in the northeastern Pacific with breeding
and haul-out sites located on islands and some continental
beaches of Baja California, Mexico, and California, USA
(Le Boeuf and Laws 1994). During their annual cycle, adults
of both sexes migrate twice from breeding colonies to their
main foraging areas located in high-latitude coastal and
oceanic waters of the northeastern Pacific (Le Boeuf et al.
2000). The first migration (post-breeding migration) occurs
at the end of the breeding season in winter (December—
February), and the second (post-molt migration) after
molting, which occurs in spring for females and in summer
for males (Le Boeufet al. 2000, Hiickstiddt 2015). During both
migrations, females forage in areas between 40° and 45° N,
but their longitudinal movements vary; females remain east
of 160° W in the post-breeding migration, whereas, in the
post-molting migration, they travel near 180° E (Robinson et
al. 2012). In contrast, both male migrations are similar; they
reach the Gulf of Alaska and the Aleutian Islands (Stewart
and DeLong 1995, Le Boeuf et al. 2000).

During the last decade, large-scale oceanographic events
impacted marine environments where NES forage. Since the
early 2000s, there have been several El Nifio events, which
is the warm phase of the climatic and oceanographic phe-
nomenon of El Niflo/Southern Oscillation (ENSO), and the
2015-2016 event is one of the strongest on record (Kintisch
2016, L’Heureux 2016). In addition, from late 2013 to mid-
2016, the marine heatwave called The Blob developed in the
northeastern Pacific, with positive anomalies of up to 4 °C
in the sea surface temperature (SST; Kintisch 2015, Peterson
et al. 2016). The Blob originated in the southern Gulf of
Alaska, extended to the west coast of the Baja California
Peninsula, and reached an amplitude of around 2,000 km and
100 m depth (Bond et al. 2015, Kintisch 2015, Peterson et
al. 2016). The combination of El Nifio and The Blob pro-
duced unusual conditions in the northeastern Pacific (Bond
et al. 2015, Cavole et al. 2016, Gentenmann et al. 2016):
anomalously low chlorophyll a concentrations reflected by
low primary productivity, tropical and subtropical species
found in mid-latitudes, and increased frequency and intensity
of harmful algal blooms (Cavole et al. 2016). As a result of
these changes, there were mass mortality events of seabirds
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INTRODUCCION

Los mamiferos marinos son especies centinela que
permiten monitorear cambios en la estructura y funcion de
los ecosistemas marinos por su naturaleza conspicua, longe-
vidad, reservas de grasa y posicion trofica alta (Bossart 2006,
Hazen et al. 2019). Ademas, incorporan y reflejan varia-
ciones de escala espacial y temporal a largo plazo (Moore
2008), revelando la respuesta del ecosistema a la variabi-
lidad ambiental (Hazen et al. 2019). Dentro de este grupo
se encuentran los pinnipedos, los cuales responden de forma
rapida a los cambios en la disponibilidad de presas debido a
oscilaciones climaticas (Le Boeuf'y Crocker 2005, Robinson
et al. 2012, P4ez-Rosas et al. 2020).

El elefante marino del norte (Mirounga angustirostris;
EMN) se distribuye en el Pacifico nororiental con zonas de
reproduccion y descanso en islas y algunas playas conti-
nentales de Baja California, México, y California, Estados
Unidos (Le Boeuf'y Laws 1994). Durante su ciclo anual, los
adultos de ambos sexos migran 2 veces desde las colonias
reproductivas hacia sus principales areas de alimentacion
en aguas costeras y oceanicas de latitudes altas del Pacifico
nororiental (Le Boeuf et al. 2000). La primera migracion
(migracién post-reproductiva) ocurre al final de la tempo-
rada reproductiva en invierno (diciembre-febrero), mientras
que la segunda (migracion post-muda) después de la muda,
la cual se presenta en primavera para las hembras y en verano
para los machos (Le Boeuf et al. 2000, Hiickstddt 2015). En
ambas migraciones, las hembras se alimentan en zonas entre
los 40° y 45° N; sin embargo, sus movimientos longitudi-
nales varian. Esto es, permanecen al este de los 160° O en
la migracion post-reproductiva, mientras que se desplazan
cerca de los 180° E en la migracion post-muda (Robinson et
al. 2012). En cambio, las 2 migraciones de los machos son
similares, llegando hasta el golfo de Alaska e islas Aleutianas
(Stewart y DeLong 1995, Le Boeuf et al. 2000).

Durante la ultima década, los fendmenos oceanograficos
a gran escala han afectado el entorno en el que se alimenta el
EMN. Desde principios de la primera década del siglo XXI,
se han presentado varios episodios de la fase calida del feno-
meno climatico y oceanografico de El Niflo/Oscilacion del
Sur (ENOS), y el evento de El Nifio 2015-2016 es uno de
los mas fuertes registrados (Kintisch 2016, L'Heureux 2016).
Ademas, desde finales de 2013 hasta mediados de 2016, se
desarrollé en el Pacifico nororiental la onda marina calida
denominada La Mancha, con anomalias positivas de hasta
4 °C en la temperatura superficial del mar (TSM; Kintisch
2015, Peterson et al. 2016). La Mancha se originé al sur del
golfo de Alaska y se extendié hasta la costa occidental de
la peninsula de Baja California, y alcanzé una amplitud de
unos 2,000 km y 100 m de profundidad (Bond et al. 2015,
Kintisch 2015, Peterson et al. 2016). La combinacion de El
Niflo y La Mancha dio lugar a condiciones inusuales en el
Pacifico nororiental (Bond et al. 2015, Cavole et al. 2016,
Gentenmann et al. 2016): concentraciones andémalamente
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and marine mammals (Leising et al. 2015, Cavole et al. 2016,
Gentenmann et al. 2016). By the summer of 2019, another
marine heatwave referred to as The Blob 2.0 was recorded
in the Gulf of Alaska, which had SST anomalies up to 2.5 °C
above average (Amaya et al. 2020).

The effect of warm SST anomalies on the body condi-
tion of NES females and on pup production has been widely
documented in California colonies (Le Boeuf and Crocker
2005, Crocker et al. 2006, Robinson et al. 2012). During
strong El Niflo events, the weight gain of females from the
Afio Nuevo colony in northern California has decreased due
to an increased foraging effort. That is, females spend more
time searching for prey patches but reduced periods on them,
decreasing their foraging success compared to “normal”
years (Crocker et al. 2006). Changes in the foraging strategy
and a depleted female body condition appear not to severely
impact the birth rate in the Afio Nuevo colony (Le Boeuf
and Reiter 1991, Crocker et al. 2006, Robinson et al. 2012).
However, the weaning weight of pups born during or after El
Niflo years is lower, which may decrease the probability of
juvenile survival (Le Boeuf and Crocker 2005).

Currently, there are 5 breeding colonies in Baja California
(Garcia-Aguilar et al. 2018). The main colonies are those of
Guadalupe Island and San Benito Archipelago (Arias-del-
Razo et al. 2017). The population size in Baja California for
2009 was estimated at 22,300 individuals (range: 18,600—
26,000); however, numbers had declined at an average
annual rate of 0.7% between 1970-2009 (Garcia-Aguilar et
al. 2018). To date, no information exists on the magnitude
of the impact of warm SST events on the NES population
of Baja California. Thus, in this paper, we analyze the pup
production and birth rate of the San Benito colony over the
last 2 decades, a period in which several events of large-scale
warm SST anomalies occurred in the northeastern Pacific.

MATERIALS AND METHODS
Study area and data collection

The San Benito Archipelago is composed of 3 volcanic
islands, namely East, Middle, and West, and a group of
islets (Fig. 1). The archipelago, which is part of the Baja
California Pacific Islands Biosphere Reserve, is located in
the Pacific off Mexico (28°18' N, 115°32" W), 31.5 km west
of Cedros Island and 130.0 km from the Baja California Pen-
insula. The climate is arid with an average annual rainfall of
65.1 to 121.3 mm, and the most amount of rain falls between
December through February. The average annual air tem-
perature varies between 19 to 20 °C (Junak and Philbrick
1999).

NES aggregate on all 3 islands during the breeding
season in winter, but since there is a constant exchange
of seals between the 3 islands (Garcia-Aguilar 2005), we
considered San Benito as a single reproductive unit, so the
analyses were done at the colony level, not at the island
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bajas de clorofila a que se reflejaron en una reduccion de
la productividad primaria, especies tropicales y subtropicales
en latitudes medias y un aumento en la frecuencia e inten-
sidad de las floraciones algales nocivas (Cavole et al. 2016).
Como consecuencia de estos cambios, se produjeron eventos
de mortandad masiva de aves y mamiferos marinos (Leising
et al. 2015, Cavole et al. 2016, Gentenmann et al. 2016).
Para el verano de 2019, se registré otra onda marina calida
denominada La Mancha 2.0 en el golfo de Alaska, la cual
presentd anomalias de la TSM de hasta 2.5 °C por encima del
promedio (Amaya et al. 2020).

El efecto de anomalias calidas de TSM en la condicion
corporal de hembras de EMN y en la produccion de crias ha
sido ampliamente documentado en las colonias de California
(Le Boeuf'y Crocker 2005, Crocker et al. 2006, Robinson et
al. 2012). Durante eventos fuertes de El Nifio, la ganancia de
peso en las hembras de la colonia de Afio Nuevo, al norte de
California, es mas baja debido al incremento en el esfuerzo
de alimentacion. Es decir, las hembras pasan mas tiempo
buscando parches de presas, pero menos tiempo en ellos,
lo que disminuye su éxito en la biisqueda de alimento en
comparacion con aflos “normales” (Crocker et al. 2006). Los
cambios en la estrategia de alimentacion y la disminucion
de la condicion corporal de las hembras parecen no afectar
gravemente la tasa de natalidad en la colonia de Afio Nuevo
(Le Boeuf y Reiter 1991, Crocker et al. 2006, Robinson et
al. 2012). Sin embargo, el peso de crias destetadas nacidas
durante o después de afios con eventos de El Nifio es menor,
lo que puede disminuir la probabilidad de supervivencia en
los juveniles (Le Boeuf y Crocker 2005).

Actualmente existen 5 colonias reproductivas en Baja
California (Garcia-Aguilar et al. 2018). Las colonias princi-
pales son las de isla Guadalupe y el archipié¢lago San Benito
(Arias-del-Razo et al. 2017). El tamafio poblacional en Baja
California para 2009 se estim6 en 22,300 individuos (inter-
valo: 18,600-26,000); sin embargo, la abundancia disminuy6
a una tasa anual promedio de 0.7% entre 1970-2009 (Garcia-
Aguilar et al. 2018). Hasta ahora, no existe informacion
sobre la magnitud del impacto de los eventos calidos de TSM
en la poblacion de EMN de Baja California. Por ello, en este
trabajo analizamos tanto la produccion de crias como la tasa
de natalidad de la colonia de San Benito durante las ultimas
2 décadas, un periodo en el que ocurrieron varios eventos
de anomalias calidas de TSM a gran escala en el Pacifico
nororiental.

MATERIALES Y METODOS
Area de estudio y recoleccion de datos

El archipi¢lago San Benito esta conformado por 3 islas
volcanicas, llamadas Este, Centro y Oeste, y un grupo de islotes
(Fig. 1). El archipiélago forma parte de la Reserva de la Bios-
fera Islas del Pacifico de la peninsula de Baja California y se
encuentra en el Pacifico frente a México (28°18'N, 115°32' O),
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San Benito Archipelago
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Figure 1. Location of the San Benito Archipelago, Baja California, Mexico.

Figura 1. Localizacion del archipié¢lago San Benito, Baja California, México.

level. Births occur from early December to early February
(Garcia-Aguilar 2004), and lactation lasts about 27 days
(Le Boeuf 1972).

We compiled published and unpublished counts of
live pups (suckling and weaned) and adult females for the
period 2002—-2019 (Table 1). Since pups remain on land up
to ~2.5 months of age (Reiter et al. 1978), counts of this
age class were carried out after the end of the birth season,
assuming that all living pups were detected during counts.
On the other hand, since NES females are asynchronous,
they are not simultaneously found on land at any time during
the breeding season; therefore, they cannot be counted in a
single survey. The temporal distribution of females in the San
Benito colony was described by Garcia-Aguilar (2004) using
the Rothery and McCann (1987) model, which allowed us to
obtain correction factors based on the count date to estimate
the total number of females that arrived each season to the
colony (Table 1).

Colony trend and birth rate

The instantaneous rate of change (r) was obtained
through a linear regression, in which the natural logarithm
(In) of the number of animals was the dependent variable
and the time (years) was the independent variable. The
annual rate of increase was calculated as A = ¢’, where r is
the slope of the linear regression (Caughley 1977). An anal-
ysis of variance (ANOVA) was performed to test the null
hypothesis » = 0. The average annual rate of increase was

31.5 km al oeste de la isla de Cedros y a 130.0 km de la
peninsula de Baja California. El clima es arido con una preci-
pitacion anual media de 65.1 a 121.3 mm, y los meses de
diciembre a febrero son los mas lluviosos. La temperatura
anual promedio varia entre 19 y 20 °C (Junak y Philbrick
1999).

Los EMN se agrupan en las 3 islas durante la tempo-
rada reproductiva en invierno, pero debido a que hay un
intercambio constante de animales entre las 3 islas (Garcia-
Aguilar 2005), consideramos San Benito como una tUnica
unidad reproductiva, por lo que los analisis se hicieron a nivel
de colonia, no de isla. Los nacimientos ocurren desde princi-
pios de diciembre hasta principios de febrero (Garcia-Aguilar
2004), y la lactancia dura unos 27 dias (Le Boeuf 1972).

Recopilamos conteos publicados y no publicados de
cachorros vivos (lactantes y destetados) y hembras adultas
para el periodo 2002-2019 (Tabla 1). Dado que las crias
permanecen en tierra hasta los 2.5 meses de edad aproxi-
madamente (Reiter et al. 1978), los recuentos de esta clase
de edad se llevaron a cabo una vez finalizada la temporada
de nacimientos, asumiendo que todas las crias vivas fueron
detectadas durante los conteos. Por otro lado, dado que las
hembras de EMN son asincronicas, no se encuentran en tierra
simultaneamente en ningiin momento de la temporada repro-
ductiva, por lo que no pueden contarse en un Gnico mues-
treo. La distribucion temporal de las hembras en la colonia
de San Benito fue descrita por Garcia-Aguilar (2004) utili-
zando el modelo de Rothery y McCann (1987), lo que nos
permitio obtener factores de correccion basados en la fecha
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Table 1. Counts of northern elephant seal pups and adult female in the San Benito Archipelago, 2002-2019, and total number of adult females
estimated based on correction factors.
Tabla 1. Conteos de crias y hembras adultas de elefante marino del norte en el archipiélago San Benito, 2002-2019, y el nimero total de hembras
adultas estimado con base en los factores de correccion.

Pups Adult females
Correction
Season Date Count Date Count factor Total
2001-2002 February 16-18, 2002° 2,024 January 19-25, 20022 2,944 0.795 2,341
2002-2003 February 17-20, 2003* 2,050 January 18-21, 20032 3,009 0.808 2,430
2003-2004 February 8-10, 2004° 1,771 January 15-18, 2004° 3,016 0.791 2,387
2008-2009 January 22-24, 2009° 1,689 January 22-24, 2009° 2,352 0.792 1,862
2012-2013 February 8-12, 20134 1,504 February 8-12, 2013¢ 2,061 0.315 650
2013-2014 February 6-11, 20144 1,097 February 6-11, 2014¢ 1,907 0.361 688
2014-2015 February 18-20, 2015¢ 1,205 February 18-20, 2015¢ 1,964 0.140 275
20162016 February 12-15, 2016° 1,317 February 12-15, 2016¢ 1,579 0.283 447
2018-2019 February 13-14, 2019 1,114 February 13-14, 2019 1,713 0.278 476

*Garcia-Aguilar (2005), ®Garcia-Aguilar (unpublished data), °Franco-Ortiz (2012), “Elorriaga-Verplancken et al. (2015), °Elorriaga-Verplancken

and Garcia-Aguilar (2018).

obtained as (A — 1) x 100 and expressed as a percentage.
This analysis was performed separately for adult females
and for pups.

The colony size was estimated for 2019 multiplying the
number of pups produced by the factor M calculated for the
NES population in California (Lowry et al. 2014), which
reflects the population:pup ratio and varies according to A,,.

The birth rate, which represents the proportion of adult
females that give birth in a single year (Croxall and Hiby
1983), was calculated for each season dividing the number of
pups produced by the total number of adult females. A Z-test
was performed to analyze variations in the birth rate over the
study period.

Sea surface temperature anomalies

The potential foraging area for NES adult females of the
San Benito colony, delimited by Aurioles et al. (2006) based
on stable isotope analyses, is located ~8° south of those in
California, between 31°and43° N, and 126°to 175° W (Fig. 2).
Monthly SST values with a 1-degree spatial resolution within
this polygon were downloaded from the climate data library
of the International Research Institute for Climate and Society
(http://iridl.Ideo.columbia.edu/SOURCES/.NOAA, accessed
2022 September 01) for the period 1986-2020. Since SST
trends are positive across the global ocean (L’Heureux et al.
2013), we first analyzed the trend in our study area. Quar-
terly average values (December-January-February, January-
February-March, and so on) were calculated, which in turn
were averaged to obtain annual estimates. The trend for SST

de recuento para estimar el nimero total de hembras que
llegaba cada temporada a la colonia (Tabla 1).

Tendencia de la colonia y tasa de natalidad

La tasa instantanea de cambio (r) se obtuvo mediante
una regresion lineal, en la que el logaritmo natural (In) del
nimero de animales fue la variable dependiente y el tiempo
(afios) fue la variable independiente. La tasa anual de incre-
mento se calculé como A = ¢’, donde r es la pendiente de la
regresion lineal (Caughley 1977). Se realiz6 un analisis de
varianza (ANDEVA) para probar la hipotesis nula » = 0. La
tasa promedio de incremento anual se obtuvo como (A — 1) x
100 y se expres6 como porcentaje. Este analisis se realizo por
separado para las hembras adultas y para las crias.

El tamafio de la colonia para 2019 se estimo6 multiplicando
el nimero de crias producidas por el factor M calculado para
la poblacion de EMN en California (Lowry et al. 2014), el
cual refleja la relacion poblacion:cria y que varia segun A,

La tasa de natalidad, que representa la proporcion de
hembras adultas que dan a luz en un afio (Croxall y Hiby
1983), se calculd para cada temporada dividiendo el nimero
de crias producidas por el nimero total de hembras adultas.
Se realizo una prueba Z para analizar las variaciones de la
tasa de natalidad a lo largo del periodo de estudio.

Anomalias de la temperatura superficial del mar

El 4rea potencial de alimentacion de las hembras adultas
de EMN de la colonia de San Benito, delimitada por


http://www.cienciasmarinas.com.mx/index.php/cmarinas

Ciencias Marinas, Vol. 49, 2023

for the period 1986-2020 was determined using the Mann—
Kendall test (MK test) at a significant level of 0.05.

Given that the SST had a positive and significant trend
in the study area (see below), we calculated the monthly
anomalies for the period 2001-2019 following the method-
ology of the Climate Prediction Center for the Oceanic Nifio
Index (http://cpc.ncep.noaa.gov, accessed 2022 September
10), which consists of using 30-year base periods to detect
anomalies in successive periods of 5 years. Thus, for the
years 2001-2004 we used the base period 1986-2015; for
2005-2009, the base period 1991-2020. However, for the
last two 5-year periods (2010-2014 and 2015-2019), since
the time series corresponding to the base periods 1996-2025
and 2001-2030 are not complete, we used the base period
1991-2020.

RESULTS

Between 2002 and 2019, the number of pups and adult
females decreased, with average annual rates of 3.58% and
3.78%, respectively (Table 2, Fig. 3). Since A, = 0.964,
the colony size for 2019 was estimated by multiplying the
number of pups produced in that year by 4.24 (the multipli-
cative factor M). Thus, an abundance of 4,723 individuals
(95% CI: 3,821-5,615) was estimated. The West Island con-
gregated the largest number of seals (56% of the total), fol-

lowed by the Middle (33%) and East (11%) islands.
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Aurioles-Gamboa et al. (2006) basdndose en analisis de
isotopos estables, se sitiia ~8° al sur de las de California, entre
los 31°y 43° N, y 126° a 175° O (Fig. 2). A partir de esta se
obtuvieron valores mensuales de TSM para el periodo 1986-
2020, con una resolucion espacial de 1 grado, de la biblio-
teca de datos climaticos del International Research Institute
for Climate and Society (http://iridl.ldeo.columbia.edu/
SOURCES/.NOAA, revisado el 01 de septiembre de 2022).
Dado que las tendencias de la TSM son positivas a nivel global
(L’Heureux et al. 2013), primero analizamos la tendencia en
nuestra zona de estudio. Se calcularon valores promedios
trimestrales (diciembre-enero-febrero, enero-febrero-marzo,
etc.) que a su vez se promediaron para obtener estimaciones
anuales. La tendencia de la TSM para el periodo 1986-2020 se
determiné mediante la prueba de Mann-Kendall (prueba MK)
a un nivel de significancia de 0.05.

Dado que la TSM presentaba una tendencia positiva y
significativa en la zona de estudio (ver mas adelante), calcu-
lamos las anomalias mensuales para el periodo 2001-2019
siguiendo la metodologia del Climate Prediction Center for
the Oceanic Nifio Index (http://cpc.ncep.noaa.gov, revisado
el 10 de septiembre de 2022), la cual consiste en utilizar
periodos base de 30 afios para detectar anomalias en periodos
sucesivos de 5 afios. Asi, para los afios 2001-2004 se utilizo
el periodo base 1986-2015, y para 2005-2009 el periodo base
1991-2020. No obstante, dado que para los 2 tltimos periodos
de 5 afios (2010-2014 y 2015-2019) las series temporales
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Figure 2. Potential foraging area (PFA) of northern elephant seal adult females of the San Benito colony (SBA). Based on Aurioles-Gamboa

et al. (2006).

Figura 2. Area potencial de alimentacién (PFA, por sus siglas en inglés) de hembras adultas de elefante marino del norte de la colonia del
archipié¢lago San Benito (SBA, por sus siglas en inglés). Poligono basado en Aurioles-Gamboa et al. (2006).
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The birth rate remained stable throughout the study
period, with a mean of 0.68 + 0.08, varying from 0.58 in
2014 to 0.83 in 2016 (Fig. 4). Z-scores were not significant
(P > 0.05), except for the 2016 season, which was slightly
above average (Z=1.96, P = 0.049).

The MK test revealed positive and significant SST trends
in the potential foraging area of San Benito females for the
period 1986-2020 (Z = 3.18, P < 0.01; Fig. 5), with a mean
increment of 0.18 °C per decade. SST anomalies revealed
that 2003, 2006-2007, 2009-2010, and 2016 were years in
which cold conditions (SST anomaly less than or equal to
—0.25 °C) prevailed, whereas in 2001, 2004, 2008-2009,
2011-2015, and 2019 warm conditions (SST anomaly >
0.25 °C) predominated (Fig. 6).

Di1ScusSION

The reproductive success of a species is strongly related
with the success of its foraging strategies, which can be
affected by anomalous environmental conditions (Crocker
et al. 2006). NES females consume wide-ranging epi- and
mesopelagic prey (Riofrio-Lazo et al. 2012), mainly squid
and myctophid fish (Antonelis et al. 1994, Goetsch 2018),
and environmental stress conditions could impact their for-
aging success, which may reduce pup production. Neverthe-
less, our results suggest that, as observed in the Afio Nuevo
colony, this was not the case for females from the San Benito
colony. However, there is a sustained negative trend in pup
production since the late 1990s (Garcia-Aguilar et al. 2018,
present study), which appears to be unrelated to the pres-
ence of large-scale events of warm SST anomalies, in con-
trast to what has been observed for other pinnipeds from
the California Current ecosystem, such as the California
sea lion (Zalophus californianus) or the Guadalupe fur seal
(Arctocephalus townsendi) (Elorriaga-Verplancken et al.
2016, Delong et al. 2017). In fact, the stable NES birth rates
observed in our study period (2002—-2019) indicate that there
was no impact despite the occurrence of several El Nifio
events and The Blob.

The persistent decrease of the San Benito colony, like
that observed in the Guadalupe Island colony, could be due
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correspondientes a los periodos base 1996-2025 y 2001-2030
no estan completas, se utilizo el periodo base de 1991-2020.

RESULTADOS

Entre 2002 y 2019, tanto el numero de crias como el
de hembras adultas de EMN disminuyd, con tasas anuales
promedio de 3.58% y 3.78%, respectivamente (Tabla 2,
Fig. 3). Dado que A, = 0.964, el tamafio de la colonia para
2019 se obtuvo multiplicando el nimero de crias producidas
en ese aflo por 4.24 (el factor multiplicativo M). Asi, se estimo
una abundancia de 4,723 individuos (95% IC: 3,821-5,615).
La isla Oeste congregoé el mayor nimero de individuos (56%
del total), seguida de la isla Centro (33%) y la Este (11%).

La tasa de natalidad se mantuvo estable durante todo el
periodo de estudio, con una media de 0.68 = 0.08, variando
de 0.58 en 2014 a 0.83 en 2016 (Fig. 4). Las puntuaciones Z
no fueron significativas (P > 0.05), excepto en la temporada
de 2016, la cual fue ligeramente superior al promedio (Z =
1.96, P =0.049).

La prueba MK reveld tendencias positivas y significa-
tivas de la TSM en el area potencial de alimentacion de las
hembras de San Benito para el periodo 1986-2020 (Z=3.18,
P <0.01; Fig. 5), con un incremento promedio de 0.18 °C por
década. Las anomalias de TSM revelaron que 2003, 2006-
2007, 2009-2010 y 2016 fueron afios en los que predomi-
naron las condiciones frias (anomalia de TSM menor que
o igual a —0.25 °C), mientras que 2001, 2004, 2008-2009,
2011-2015 y 2019 predominaron las condiciones calidas
(anomalia de TSM > 0.25 °C; Fig. 6).

DISCUSION

El éxito reproductivo de una especie esta estrechamente
relacionado con el éxito de sus estrategias de alimentacion,
las cuales pueden verse afectadas por condiciones ambien-
tales anomalas (Crocker et al. 2006). Las hembras de EMN
consumen presas epipelagicas y mesopeldgicas de amplia
distribucion (Riofrio-Lazo et al. 2012), principalmente cala-
mares y peces mictéfidos (Antonelis et al. 1994, Goetsch
2018), por lo que las condiciones de estrés ambiental

Table 2. Average annual rate of increase (1) of pups and adult females of northern elephant seals in the San
Benito Archipelago, 2002-2019. N = number of counts, » = instantaneous rate of change, R? = coefficient of

determination.

Tabla 2. Tasa anual de incremento promedio (A) de crias y hembras adultas de elefante marino del norte del
archipiélago San Benito, 2002-2019. N = niimero de conteos, 7 = tasa instantanea de cambio, R? = coeficiente

de determinacion.

N R2 A
Pups 9 -0.036 0.87 0.964
Adult females 9 ~0.039 0.94 0.962
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Figure 3. Number of northern elephant seal pups and females in the San Benito colony in 2002-2019.

Figura 3. Numero de crias y hembras de elefante marino del norte en la colonia de San Benito en 2002-2019.
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Figure 4. Estimated birth rate of the northern elephant seal in the San Benito colony in 2002—-2019.

Figura 4. Tasa de natalidad estimada para la colonia de elefantes marinos del norte en la colonia de San Benito en 2002-2019.
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Figure 5. Mean annual sea surface temperature (SST; 1986-2020) in the potential foraging area of northern elephant seal adult females from
the San Benito colony.

Figura 5. Promedio de la temperatura superficial del mar (SST; 1986-2020) en el area potencial de alimentacion de hembras adultas de la
colonia de elefantes marinos del norte de la colonia de San Benito.
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Figure 6. Monthly anomaly (January 2001-December 2019) of the sea surface temperature (SST) in the potential foraging area of northern

elephant seal adult females from the San Benito colony.

Figura 6. Anomalias mensuales (enero 2001-diciembre 2019) de la temperatura superficial del mar (SST) en el area potencial de alimentacion
de hembras adultas de la colonia de elefantes marinos del norte de la colonia San Benito.
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to the movements of seals towards the colonies in southern
California in response to the sustained increase in air tem-
perature in the region, as proposed by Garcia-Aguilar et al.
(2018). The fact that both the number of adult females and
the number of pups has decreased at a similar average annual
rate (~3.6%) during the last 2 decades with a birth rate that
has not declined, suggests that the reproductive success of
females (expressed exclusively in terms of pup production)
has been constant over this period. Therefore, the negative
trend could be explained by the proposed migration to the
north. Nevertheless, further research is needed to expand our
knowledge on this regard.

How the distribution of animals in the San Benito Archi-
pelago has changed over time is noteworthy. East Island was
apparently the first to be occupied in the late 1910s, and for
several decades the largest number of NES congregated there
(Williams 1941). By the mid-1960s, animals were observed
moving to the West and Middle islands (Rice et al. 1965). In
the early 2000s, the largest number of animals congregated
on the Middle Island, followed by the West Island and East
Island (Garcia-Aguilar 2005). The recent distribution is dif-
ferent: in 2019 most of the NES congregated on the West
Island. The gradual abandonment of the Middle Island in
recent years could be associated with increasingly frequent
heatwaves (i.e., days with an average maximum air tempera-
ture >25 °C) during winter and spring (Garcia-Aguilar et al.
2018) that severely impact pup survival in harems without
access to the sea (Salogni et al. 2016), which were common
20 years ago but now no longer exist.

Two non-exclusive explications were proposed regarding
why birth rates are not severely impacted by large-scale
warm anomaly events (Crocker et al. 2006). The first con-
cerns the foraging strategy of NES females, which forage for
prolonged periods in deep (up to ~700 m) oceanic waters,
where the effect of these events is weaker than in coastal
waters. The second explanation concerns the lagged effect
of warm anomalies along the food web, hence the lagged
impact on top predators. Considering these 2 explanations,
it is unsurprising that the reduction observed in the birth rate
was not drastic in the San Benito colony during the strong
El Nifio event of 2015-2016 or The Blob in 2013-2016. In
fact, stable isotope (6°N and §"*C) analyses showed that NES
females from the San Benito colony did not change their hab-
itat use throughout these events, except towards the end of the
2014 and 2018 post-molting migration, when they apparently
expanded their foraging range (Rodriguez-Rafael 2021).

Our results confirm the persistent decline of the San
Benito colony since the end of the 20th century. How-
ever, there was no evidence that this decline was caused
by a decrease in female reproductive success associated
with anomalous warming events in the northeast Pacific.
Instead, the results support the scenario in which animals
are migrating from colonies of Baja California to colonies
of California. These types of assessments must continue over
time, complemented by additional approaches such as stable
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podrian afectar su éxito de alimentacion y reducir la produc-
cion de crias. Los resultados obtenidos sugieren que, como
se observo en la colonia de EMN de Afio Nuevo, este no
fue el caso de las hembras de la colonia de San Benito.
Sin embargo, existe una sostenida tendencia negativa en
la produccion de crias desde finales de la década de 1990
(Garcia-Aguilar et al. 2018, presente estudio) que parece no
estar relacionada con la presencia de anomalias positivas de
la TSM a gran escala, en contraste con otros pinnipedos que
habitan en el ecosistema de la corriente de California, tales
como el lobo marino de California (Zalophus californianus)
o el lobo fino de Guadalupe (Arctocephalus townsendi)
(Elorriaga-Verplancken et al. 2016, Delong et al. 2017). De
hecho, la estabilidad en las tasas de natalidad de los EMN
observadas en nuestro periodo de estudio (2002-2019)
indica que no hubo impacto a pesar de la ocurrencia de
varios eventos de El Nifio y La Mancha.

La disminucion persistente de la colonia de San Benito,
al igual que la observada en la colonia de la isla Guadalupe,
podria deberse a los movimientos de individuos hacia las
colonias del sur de California en respuesta al aumento persis-
tente de la temperatura del aire en la region, como proponen
Garcia-Aguilar et al. (2018). El hecho de que tanto el nimero
de hembras adultas como el de cachorros se hayan reducido
a una tasa media anual similar (~3.6%) durante las 2 ultimas
décadas, con una tasa de natalidad que no ha disminuido,
sugiere que el éxito reproductivo de las hembras (expresado
exclusivamente en términos de produccion de crias) ha sido
constante durante este periodo. Por lo tanto, la tendencia
negativa podria explicarse por el desplazamiento hacia el
norte. No obstante, es necesario seguir investigando para
ampliar nuestro conocimiento al respecto.

Es interesante observar como ha cambiado la distribu-
cion de individuos en las islas del archipiélago San Benito
a lo largo del tiempo. La isla Este fue, aparentemente, la
primera en ser ocupada a finales de la década de 1910 y ahi se
congreg6 el mayor niimero de EMN durante varias décadas
(Williams 1941). A mediados de los afios 60, se observo el
desplazamiento de animales a las islas Oeste y Centro (Rice
et al. 1965). A principios de la primera década del siglo XXI,
el mayor nimero de EMN se congregaba en la isla Centro,
seguida de la isla Oeste y la isla Este (Garcia-Aguilar 2005).
La distribucion reciente es diferente: en 2019 la mayoria de
los EMN se localizaban en la isla Oeste. El abandono gradual
de la isla Centro en los ultimos afios podria estar relacionado
con las olas de calor cada vez mas frecuentes. Es decir, dias
con una temperatura maxima media del aire >25 °C durante
invierno y primavera (Garcia-Aguilar et al. 2018) que
impactan gravemente la supervivencia de las crias en harems
sin acceso al mar (Salogni et al. 2016), los cuales eran eran
comunes hace 20 afios, pero ya no existen.

Se han propuesto 2 explicaciones no excluyentes del por
qué las tasas de natalidad no se ven gravemente afectadas
por eventos de anomalias calidas a gran escala (Crocker et
al. 2006). La primera refiere a la estrategia de alimentacion


http://www.cienciasmarinas.com.mx/index.php/cmarinas

Rodriguez-Rafael et al.: Abundance decline in a Mexican colony of Mirounga angustirostris

isotope analyses or telemetry, to strengthen our knowledge of
how NES use marine and terrestrial habitats, especially given
the recent increase in the frequency of warm anomalies in the
Pacific Ocean (Freund et al. 2019) and the positive trend in
air temperature in the region (Cayan et al. 2008).

This study provides information exclusively on the cur-
rent status of the San Benito NES colony. However, the
present study is part of the comprehensive effort of different
Mexican academic institutions to understand the ecological
processes that determine the population dynamics of this
and other pinniped species that inhabit the Baja California
Pacific Islands Biosphere Reserve, such as the California
sea lion, the Guadalupe fur seal, and the Pacific harbor seal
(Phoca vitulina). The conjunction of the information gener-
ated is an essential tool to create a program aimed at the man-
agement and conservation of these species in the region.
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