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RESUMEN

El descubrimiento de Leeuwenhoek fue un parteaguas para la
investigacidon de elementos que no podemos observar a simple vista,
pero gue son esenciales para la biologia. Unos de estos elementos
microscoépicos son las células de la sangre, las cuales hoy en dia se sabe
gue participan en funciones vitales para el organismo. Ademas, el
analisis de estos elementos figurados de la sangre es indispensables
para evaluar el estado de salud de los individuos. En la presente tesis se
realizé un andlisis de las células sanguineas de crias de lobo marino de
California (Zalophus californianus) desde una perspectiva ontogenética y
ecoldgica, que sirviera para generar informacidon de base para especies
de vida libre. También se exploré si eventos anémalos climatoldgicos,
que resultan en restricciones alimenticias de las madres, impactan
procesos fisiolégicos como la sintesis y maduracién de las células
sanguineas, asi como la abundancia de diferentes poblaciones
leucocitarias en las crias de lobo marino de California. Los resultados de
esta tesis son esenciales para entender el impacto y las posibles
consecuencias de eventos de cambio climatico en especies de vida libre.
Se presenta la tesis en el formato de los articulos publicados, que
derivaron de este estudio, conforme a los lineamientos del programa del
Doctorado en Ciencias Bioldgicas de la Universidad Auténoma de

Querétaro.

Palabras clave: hematologia, lobo marino de California, desarrollo



ABSTRACT

Leeuwenhoek’s invention set the ground for the beginning of the
exploration of elements that we cannot see in plain sight but that are
essential to biology. Some of these microscopic elements are blood cells,
which are known to be involved in essential body functions, homeostasis
and health. Interestingly, there is limited information about changes in
blood cell morphology for many free living species. This thesis examined
changes in red and white blood cells of California sea lions (Zalophus
californianus) from an ontogenetic and ecological perspective. |
examined variations in blood cell morphology along pup development,
and across their distribution in the Gulf of California. Another one of my
goals was to understand how anomalous climatic events that impact
feeding patterns in adult sea lion females can affect physiological
process in pups, such as the synthesis and development of red blood
cells, and also how it can influence white blood cell counts of these
animals. The results of this thesis are important to understand the
effects and possible consequences of climate change for wildlife from a
physiological perspective. The thesis is presented in the format of the
scientific manuscripts that derived from this study according to the

Doctoral program of the Universidad Auténoma de Querétaro.
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INTRODUCCION

La hematologia, o estudio de la sangre, es una rama de la biologia que
es comunmente utilizada en estudios clinicos de humanos y animales,
tanto domésticos como silvestres. Resulta interesante que, en contraste
con las investigaciones enfocadas en la salud, se ha dejado a un lado el
estudio de la hematologia desde los puntos de vista ontogénicos,
fisiolégicos y ecoldgicos, particularmente para las poblaciones silvestres.
En esta tesis se investigaron patrones de variacion temporal y
espacial de diversos parametros hematoldgicos en una
poblacidn silvestre del lobo marino de California, Zalophus
californianus, en el Golfo de California, y se pusieron a prueba
diversas hipotesis sobre el desarrollo temprano de los
individuos, diferencias inter-sexo y asociaciones con indices de

condicion y salud, en un contexto ecoldgico.

La sangre es un tejido constituido por elementos celulares, que en
conjunto reciben el nombre de ‘elementos figurados de la sangre’, y por
una matriz extracelular liquida llamada plasma sanguineo compuesta
por agua, sales minerales y proteinas (Sepulveda, 2014). Las células
sanguineas comienzan a formarse desde las etapas tempranas de la
gestacidn, en sitios activos de la hematopoyesis como el saco vitelino, el
higado y la médula ésea (Proytcheva, 2009).

Las células de la sangre participan en diversas funciones; los leucocitos
participan en respuestas inmunes, tanto innatas como adquiridas
(Tizard, 2009); los eritrocitos tienen la capacidad de plegarse para
pasar a través de todos los tejidos en donde regulan los niveles de
oxigeno y di6xido de carbono, ademdas de participar en la regulacién del
metabolismo del 6xido nitrico, regulacién redox, reologia de la sangre y
viscosidad (ver Kuhn et al., 2017); y las plaquetas que en realidad son
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fragmentos de megacariocitos que contienen proteinas en su superficie
qgue les permiten adherirse al endotelio y entre ellas cuando ocurre una
pérdida de la continuidad endotelial, por lo que participan en la
hemostasia y coagulacién (Holinstat, 2017).

Los efectores sanguineos son de suma importancia para los organismos,
debido a las multiples y variadas funciones en las que participan y a su
estrecho contacto con células y tejidos del organismo, por lo que
variaciones en el estado fisiolégico pueden ser reflejadas en la sangre.
Por esto, en el area clinica, el andlisis de la sangre es muy importante
para la evaluacién de la salud y deteccién de diversas patologias (Nuiez
y Bouda, 2009). Sin embargo, su analisis también puede ayudar a
identificar y entender diversos procesos fisiolégicos, como la transicién
entre el ambiente uterino y el extrauterino, la maduracién de érganos
hematopoyéticos, la anemia fisioldgica del recién nacido y deficiencias
nutricionales (Hillman et al., 2012; Proytcheva, 2009; Ruef and
Linderkamp, 1999; O'Brien 1971).

A diferencia de los estudios hematoldgicos realizados en mamiferos
terrestres de vida libre, son escasos los estudios realizados en
mamiferos marinos. Sin embargo, algunos, han reportado que los
valores hematoldgicos de la foca de puerto (Phoca vitulina), foca de
Groenlandia (Phoca groenlandica), foca de casco (Cystophora cristata),
delfin nariz de botella (Tursiops truncatus) y lobo marino de Steller
(Eumetopias jubatus) varian de acuerdo al sexo, edad, condicién
corporal y maduracién sexual (ver Boily et al., 2006; Fair et al. 2006;
Greig 2010; Skinner et al. 2015). Aunque menos frecuentes aun,
también se han realizado estudios sobre alteraciones morfolégicas de
las células sanguineas de algunos mamiferos marinos (Clark et al.,
2002), y se ha comenzado a explorar la fisiologia hematica. Por ejemplo,
un estudio reciente demostré que es posible detectar en belugas

(Delphinapterus leucas) de dos meses de edad uno de los procesos
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fisioldgicos que han sido bien descrito en el humano, llamado “anemia
fisiolégica” (Noren et al., 2018). Sin embargo, la gran cantidad de
informacidn relacionada con salud y desarrollo que se puede obtener a
partir del tejido sanguineo aln es escasa para estas especies.

Los mamiferos marinos son considerados como especies centinelas del
ambiente ya que pertenecen a niveles tréficos altos, poseen una capa
gruesa de grasa, son longevos, y tienen una gran variedad de
distribuciones y patrones de movimiento, que reflejan aspectos de
productividad del océano, variaciones en la cadena tréfica, acumulacién
de contaminantes y la aparicién de enfermedades emergentes (Bossart,
2011; Moore, 2008).

En este mismo sentido, los mamiferos marinos son modelos interesantes
para estudiar la ontogenia hematica. Las adaptaciones que presentan
estas especies en el tejido sanguineo les confieren una gran capacidad
para el buceo, lo que requiere de un gran aporte de oxigeno, obtenido
principalmente de los eritrocitos. Ademas, la producciéon de células
sanguineas requiere de elementos indispensables como hierro
(Naigamwalla y Webb, 2012), folatos y vitaminas, como la B12 (Koury y
Ponka, 2004), hormonas, como la eritropoyetina (EPO; Foller et al., 2011;
Lombardero et al., 2011; Kling, 1996), mediadores inmunes (Rodak,
2002) y variaciones en la concentracidon de oxigeno en los tejidos. Es por
esto que alteraciones en estos procesos fisioldgicos son reflejados en la

sangre.

Resulta interesante el que los efectores de la sangre no siempre
responden de la misma forma en los individuos. Por ejemplo, estudios
realizados en el lobo marino de California (Zalophus californianus) y el
lobo marino de Galapagos (Zalophus wollebaeki) reportaron que la
infiltracion de células inflamatorias ante un estimulo dado es
dependiente del contexto y de la etapa de desarrollo de las crias (Brock
et al., 2013; Vera-Massieu et al., 2015). Por su parte, en el lobo marino
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de California la respuesta inflamatoria es dependiente de la condicién
corporal de las crias durante las etapas mas tempranas, y en etapas
posteriores del desarrollo depende de procesos infecciosos
concomitantes (Vera-Massieu et al., 2015).

El lobo marino de California, utilizado como modelo de estudio en esta
tesis, se distribuye desde Vancouver, en el Pacifico noreste, hasta el
Golfo de California en México, en donde habita en 13 colonias
reproductivas. Es una especie filopatrica y poliginica que presenta una
temporada reproductiva anual. Los individuos presentan un marcado
dimorfismo sexual (Odell, 1975), siendo los machos de mayor peso y
tamafio, con una estructura 6sea en el craneo llamada cresta sagital.
Tanto hembras como machos poseen una gruesa capa de grasa (King,
1983). La inversiéon materna es marcada, con un periodo de lactancia
gue dura al menos seis meses, periodo en el que las crias no reciben
ningun otro alimento (King, 1983). En términos ecolégicos, este otarido
pinnipedo es un depredador tope con habitos costeros generalistas
(Lowry et al., 1990; Garcia-Rodriguez y Aurioles-Gamboa, 2004). Las
hembras adultas se alimentan en un radio de 50-100 km de la isla
reproductiva que habita (Kuhn y Costa, 2014). La mayor parte de la
informacidn obtenida sobre los habitos alimenticios de la especie se han
basado en el andlisis de las estructuras éseas auditivas de las peces
(otolitos); aungue mas recientemente se ha incorporado el analisis de
isétopos estables (6*3C, 6*°N), lo que ha permitido identificar las zonas
de alimentacion y el nivel tréfico en el que se alimentan estos
mamiferos (Elorriaga-Verplancken et al., 2016). En conjunto, estas
caracteristicas hacen del lobo marino de California un modelo ideal para
entender cdémo los procesos fisiolédgicos son afectados por el
crecimiento, disponibilidad de recursos y estado de salud, en un
contexto ecolégico.
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El estudio de la sangre de los individuos también podria ser relevante
para comprender los efectos de los cambios climaticos sobre la fisiologia
de los individuos. Una de las dreas que ha tenido un mayor interés en
los Ultimos afos es el efecto del cambio climatico en las especies en
términos de abundancia, reproduccién (Blaustein et al., 2002; Jenssen,
2006), comportamiento, endogamia, conflictos con asentamientos
humanos, etc. (ver Parmesan, 2006). Sin embargo, los efectos del
cambio climético sobre la fisiologia y la salud de los organismos
silvestres durante eventos de cambio climatico han sido poco
explorados. También en este sentido resulta ideal un modelo de estudio
como el que representan los mamiferos marinos, en particular las
especies costeras de dmbito hogarefio reducido como el lobo marino de
California (Bossart, 2011; Moore, 2008).

Uno de los eventos recientes de variacién climatica tuvo lugar durante el
invierno del 2013 en Alaska (Bond et al., 2015), en donde la temperatura
superficial del mar tuvo un incremento, evento llamado “La Mancha”
(The Blob), que se extendié de manera gradual durante el 2014 y 2015
en el pacifico noroeste (Kintisch, 2015), desde Alaska hasta la Peninsula
de Baja California del lado del Pacifico. La anomalia climatica empeord
ya que para el 2015 coincidid con otro evento climatoldgico conocido
como El Niflo-Oscilacién del Sur (ENSO, por sus siglas en inglés), y
alcanz6 un mayor incremento de temperatura, de hasta 5°C durante
dicho ano (National Centers of Environmental Prediction SST Analysis,
National Oceanic and Atmospheric Administration,

http://polar.ncep.noaa.gov/sst/). El incremento de la temperatura
superficial del mar derivado de La Mancha disminuyé la productividad
primaria, que impacto en las poblaciones de lobo marino de California,
en particular en términos de sus habitos alimentarios (Elorriaga-
Verplancken et al., 2016). En esta tesis se exploraron los efectos de esta

anomalia climatica sobre la fisiologia sanguinea en el lobo marino de
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California, y su relacion con variables ecoldgicas, asi como su efecto
sobre pardmetros de salud de los individuos. A partir de estos analisis se
generaron dos manuscritos, ya publicados, y un tercer manuscrito,
enviado para su consideracién, gue se presentan en esta tesis.
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OBJETIVO GENERAL

Realizar un analisis cuantitativo y cualitativo de diversos efectores

sanguineos de crias de lobo marino de California (Zalophus

californianus) y establecer valores de referencia para la especie en vida

libre, ademas de integrar el analisis de sangre en un marco ecolégico

para entender como la morfologia y la abundancia de las células de la

sangre reflejan condiciones de abundancia de recursos, enfermedades

subclinicas, y cambios ambientales.

OBJETIVOS ESPECIFICOS

1.

17

Realizar un andlisis cuantitativo y morfoldégico de leucocitos,
eritrocitos y plaguetas de crias de lobo marino de California en
vida libre.

Estimar valores de referencia de leucocitos para las crias de lobo
marino de California de vida libre.

Investigar si las anormalidades en la morfologia de los eritrocitos y
la abundancia de leucocitos de las crias esta determinada por
variaciones en las estrategias alimentarias de las madres durante
afos caracterizados por eventos climaticos anémalos.

Determinar cuales parametros hematoldgicos son indicadores

ecoldgicos para el lobo marino de California en vida libre.



ARTICULO |

En esta seccién se presenta el primer articulo derivado de la tesis, con
titulo “Atypical Red Blood Cells Are Prevalent in California Sea Lion Pups
Born during Anomalous Sea Surface Temperature Events”, que fue

publicado en 2017 en Physiological and Biochemical Zoology.
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roal seasurtace temperature (55T can have an the physiolagy of
neonate pannipeds. However, maternal nutritional deficiencees
deiven by alunentary restrictbons would expectedly unpact pan-
naped development and ftness, as an adeguate supply of neln

ents is essential for growth and proper functioning of all body
sVEiems, 1nr|'.|n.‘|'.n[_l; red Rlood cell 53.-111he-.:is. amd clearance, Flere,
wo investigated red Blood coll morphology of California sea lion
(OS50 pugs frons the San Benite Archipelago born during the
214 and 2005 ancanalously huigls 557 events recorded i the
northeastern Pactlic Ocean. We examined whether atypical ersh

rancyle Tnnl']:-h-::'.i:-gir—.: wers mare comminn in 2015, when the h igﬁh
SAT fvent was more pr{:—m::-'.lmht_.;.nrl whether the stable i.;nr{\-p-c
signature of pup fur, as an indicater of maternal feeding strate-
gaes, accownted for the number of atyprcal cells. Varwus anypacal
ervilirocyte maorpliologees were more prevalent and more abun-
dant than reference values, Bvidence ol iran deficiency was founad
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comaman i pups with higher isotopic 82 and lower 85 wal-
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ues, supgesting & probable relationship between maternal feeding
strategics and the cffiect of dlimatie ancmalics on red Blood cell
phvsiology of their pups. As developang, puwipeds require ws-
creased oxygen storage capacity for diving and foraging, the
presence of atypical erythracytes could be relevant ta CS1 pup
hkness if the underlving cavse is not reverted, This study is a firss
step 1o gxplore the eifects thar climatic alterations in the marine
cowironment can have on the blood phvsiology of developing
individuals.

Keywards: anemia, anisacytosis, atypical red blood cells, Cal
itormia sea lion, El Mino, microcymes, reticulocytes, 55T, “the
Blok.”

Introaduction

Cruring the boreal winker of 2013, anomalous sea surface tem-
peratures (55T ) were recorded in the Gulfof Alaska (Bond 1 al.
15 This unpres ecdented event, termed “the Blab,” raised con
oErm as the h.igh BHT 1]'.-'rr.'||.'| sirthward, Hnrnrnp:.::-;i:lg the eniire
northeastern Pactbe (Kintisch 20051 By summer 2015, the Bloh
had reached the southernmost up of the Baja California Pen-
imsula, in Mexaco, meeting the EL Meno 2015 conditions, whach
Nerthver increased the 55T (M ational Centers for Environmental
Prediction 55T Analysis, Mational Oceanic and Atmospheric Ad
rinistration. h11]'.=,"_l'p4:-|.'|r neep.naaa gn-.r,"sﬂ,"f-. ['nn:-;l-qurnrﬂ of
the climatic anomaly tor the ocean’s prmary productivity were
quickly evident, with reductions in Ash abundance and an in-
credase iy stranding events {Chust et al, 2004; MoClatchie i al,
LAY However, the effects of these simultaneows anomalows
85T an the physiology of marine arganisms, particularly long
|irwresc] pr-.-x‘l:urnr':._ I.11'ge|'!.' remain |:|nrﬂ.-:p|r\-rr~cl

The California sea lion, Zelophes califersmanus Lesson 1528
(herealter. C5LY, s distribated an the nostheastern Factfic along
Uee ares affecied by the high 55T, This otarisd pinsiged is a gen-
eralist feeder with coastal habits (Lowey et all 1990; Crarcia
Redrigeer and Auricles-Giambea 2004} whoss feeding range
tends to be within 50- 100 km from its breeding islands (Kuhn
and Costa 2004). The species’ coastal foraging hakits have been
inferred theough the stable lsotope of carboen (6"%C), which temds
tx reveal celatively high values (Elocraga- Verplancken e al
2006F) because of phytoplankton bloams and the presence of
B enriched macraphytes in that scosystem haseline | Miche
ner and Schell 19594 France 199%), The stable isotope of nitrogen
[E"MD 1= alse vseful to understand the trophic ccology of con-
swaners, dee 1o the Gacn that s values and tadoaduals’ topkuc
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position tend o show a positive 'rr.l.iri-::-nnhip IMinapgawa andl
Wada 1904]

As they are coastal feeders, diminished prey availability sec-
ondary to the high 55T greatly affecrs C5Ls, whach are fopced 1o
erther extend their foraging trips 1o procure prev (Kobn and
Casta 2014; Elorriaga- Verplancken et al. 2006b) ar consume
mther Trey, often af lower nodritional and rnr-rgr.ri:. walus, gi\-
ing as a result a recent high number of early weaned CSL pups
stranded i poor condition s Southern Californoa (M oClatchice
et al. 20067, According o the Life-hustary trade-off hypothesis
(Atearns 19921, the cast ol procering prey under kigh 557 con
diticins would be highest for pregrant or nursing adult female
Calitornia sea lions, as they are already experiencing elevated
cnergetic demands, Maternal nutritional deficiencies would ex-
pectedly impact on CHL developient and ftness, as an adeguate
supply of nutients is essentsal for geowth and proper Twse-
ticning of all body systems (W et al. 2016} Evidence of nega
tive etfects caused by El MNifio events have already been known e
ha mper e dmlnpmfnf ot sea lion s, which were n:]_'n:\-rl:d
togrow at a lower rate and have increased mortality [Boness et al
L991; Ono et all 19902 Melus et al 20000

I AL pugs seckle malk from maothers that were malnour-
ished o energetically impoverished due o the abnormal 557
canditions, their development could become impaired. Some
indications of this have already been reported. For instance,
the mass of CS5L pups born in 2004 on the San Beotto Archi-
pelage (SBAL off the coast of the Baja California Peninsala,
was significantly higher than for these bors in 2005 {Elocraaga
"n-’ur|'.-|.:|.m.'kun et al. 2166, when the Blab and El Mifie simul
tanecnsly caused the most intense 55T anomaly in this reinn
Specifically. on average, the 55T anomaly was 1°C higher in 2015
than i 20004 for the central part of Bapa Calsfornes, where the SEA
18 Located, and even exceeded 4°C a3 soane months (Lessang el al
2015). Furthermare, not only did the average monthly 557 armun
alies reach high temperaneres, bt the duration of the anomalies
was also extended in M5, with & mao 'hﬂng minre fthan 2 stan-
dard deviations of the 58T recorded for 1#85-2015 (Robinson
HHa).

Aspects ol neonata] pliysiology that could plausibly be affected
|1:.' nuzlrienl and gy lirritatioms {Prestes-Carneine el al. 2006)
ars rr:,'thn:lpnir-.:ix fie, red blood cell :-.':,'nl:hr:-;i:-;:l and clearance
of damaged ervthrocytes [de Back et al, 2014) These processes
can e indirectly examined by assessing and quantifving atypical
red Blood cell morpholegies, such as fragmentation, presence
of taclesion bodies, and changes by cell saze (e, ansacytosiz),
calar, shape (e, poikilocytosis), or aggregation (i.e., rouleans:
Lynch 19900,

Here we investipated whether anomalies in red blood cell
miphology of C5L pups were observable during abnesomal 55T
conditseass and sehetler there was indwation that they were re-
latesd v thee severity of the dinatse wnanady in the study region
[ Leising ol al. 1% Robinson 2016}, We were FI.'I.I'I‘inILII'l.':.' in
terested in determining whether red hload cell alterations could
be influenced by pup bady condition and by their stable isobope
(60 and 67N walues in fur, ax a proxy for maternal Foraging
slratepees,

20

Rlethinds
Study Site angd Organism

As part of ongedng, leng-tenm studies on aspects of C5L ecal-
ay, dwring July of 20014 wnd 2015, we collected blogd samples
from 49 pups (201d.n = 2L 5 0 = 270 af 4-6wh ol age that
were horn at 8RA in the Mexican northern Pacifc (fig. 1)

CSL pups were captured and manually restrained during the
entire procedure, which lasted Less than 11 min per pap. Yisual
inspection by a trained velennanan determuned the general
kealth of each pup and together with the evaluation of leckocyte
pararmeters of the pups (clata not shawn here) 11|g|:;\-.-.1‘.r~cl that
they were not undergoing any detectable infections ar inflam -
matory process [Banoet-Maninez et al | forthcoming). The mass
of cach pup was determuned with a vertical hanging scale (mas.
A0 kg 001 kg precision]. and the stosdacd leapth (up of e il 10
the nose) was mexsursd with a lape measure (1 mm precison).
We collected a 2 % 3oem fur sample from the dorsal region of
all bt two of the pups caprured (2014, 5 = 23 2015, 8 = 25),
Samples were collected wsing stainless steel scissors that were
wiped clean between pups. Fur samples were stored e paper en-
velopes, A blood sarmple (5-7 mL) was collected Grom all puaps
Ty pancturs ol the candal t-_]ul:eu.l wein using a4 vaounm Blcind
collection tube {Vacutainer, B Binscienoss, Franklin Lakes, W1
with cthylenediaminstetraacetic acid.

Sampling was conducted by approval of the Bioethics Com-
imittee of the Autonomoeus Unpversiny of Queretare. All proce-
dures were carried ool under permits SGPATDGYS 1744013
ancd SCPATIGVSINT95/15 issued by the Direccian General de
Vida Silvestre of the Secretaria de M¥edin Ambisnts i Kecarsns

Maturales

Hemualology

Rlond was homaogenized by inversion of the tubes immediately
tellowing collection, Tubes with Blond swers kept apright in-
side a cooder and protected from sunlight We determined the
lLematocnt (%) by centnfugation of the blood sample ina cap-
illary tube at 11,000 rp for 5 . Lo oall cases, this proceduore
wits preriormed within 8 b of Blisod collection. We alse prepared
three bload smears per sample and Axed them in 90% methanol
tar 10 min, All srears wers prepared less than 8 h aber the bload
wias collected. The slides were stained with a Wrigh selution
{Hoqabuy 20010,

T egtamate Uee percentage of anisocyiosis [differences by sszes
of erythrocytes) amd the number af each atvpical cell type per pup,
we examined the thin-laver zone of the blosd smear using a
rigzag trajectory and identified areas where ervthrooytes were
uniformly distoibuted. We observed 10 Gelds under light miceoes-
copy (100}, and 10 each we counted each atvpacal phenotype
relative to the number of red Tlood cells i that field and averaped
the PErCEnGIZEs AoTnss the 10 felds, in this way accaunting fior
interbeld difterences in cell density,

Trata on blood cell morpholagy of 13 healthy 4- 1o d-wi-old
CHL pups born i 2002 a0 Granite [sland (sce fig. 1), a breeding
codoary br the Gulf of Caleforinia, Mexsco (4. Flores-Morin, wa-
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Figure 1. Map that skows 1he sites at which California sea lion pups were captured and sampled for this study: San Benite Archopelage. in the
Memican northern Pacfic (1), and Granite 1sland, mnothe Gulf of Califernia (2

published datal, swere used as reference values, as these animals
were born during 2 vear that was characterized by normal 55T
{Eahinson M6} 'l__.apl:ur\-.-_'h.a.nn:ll'ing_and .5.1111[|Iing af thinse Pups
and all hematological analvses were conducted exactly as de-
soribed abwoene,

Tentopic Sipnatures

We measured values of 535MW and &C in the tur samples as has
been done previcwsly [Elornaga-Yerplancken et al. 2hlab)

Breefly. the Fur was cleaned, cut an small pleces, homogenized,
and stozed i tin capsules before being sent 1o Uee Undversity of
California at Santa Cruz for analysis in 2 Carla Frba 1108 ele

mental analvrer conpled to a ThermoFinnigan Delta Plos XP
lsntope ratio mass specirometer, with an analviical precision
of & 0.2%a for both stable otopes. The 1s0lope compositions
were esthnated based o kinowi values of standards for each «]-
ernent: Wienna Pee Dee Belemmite for 820 and atmosplenc for
&M, We used this approach as pup fur values can act as moni

tors ot their mathers, after a tractionation [consistent Bsatopic
carichment) between both age groups [Elorriaga-¥erplancken
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el al 200 6a), which s similar to a relationship between a preda
tor aned its prey {Habran et al, 20100, Because of these consistent
differences, the variation hetween Eroups o pups is attributed
to differences in matemal feraging habits, C5L lanugo is lost
eradually arcund 5 mo ofage, and fur s1ars to grow ataround the
suxth o seventh month of gestatbon (Odell 19727 Thus, neo-
nate fur {lanuga) would reflect netrients that were incorgarated
starting ~ 16 wis betfore collection [ ~4 wk of lactation and ~12 wk
of maternal toraging betore giving birth; Odell 15735 Elormaga-
Verplancken ot al. 2016a]. Thas time frame is similar o that of
erythrocyie turnover rates 112 wh; Burle 20021 The proximety
in these Lemporal windows Facilitated a viable match between the
results abtainsd in the isnbopic and the red Bload cell :n:l.'l:.rueﬂ.':.
which inwvalved in both cases the Anal stage ot gestation and a firss
stage of Lactation

Hody Mess Inclex

We calculated the scaled mass index (SMi) for sach pup as a
measure of hody condition. This was done by calealating mass
per unit length, faking into account the scaling bebwesn body
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companents anc body size and applying the squation propossd
by Peig and Creen (20003
I-|:| Aqug,
S, = M, .
2]

where M, ancd L, wers the hady mass and standard by length of
cach pup, respectively, boe, was the scaling exponent sstimated
by the regression of mass on bady length; and L, was the arith-
mretic imean of the standard body length for cach cohoet

Eratishoal Analysis

We explored our data set graphically to understand the spread
and distovbution of cach paramecter. Dhata that deviated from the
oocmal distrebutsen were further examined with Cullen aed Frey
graphs 1o determine their distabution. For each of the atypical
ervthracyte marphologies detected, we counted the number of
pups in which rI-..-:,r were foend and boil contingsney tahiles b
investigate ditferences in the prevalence between years. For this.
wi used Pearson's o tests and determoined significance by Fisher
exadl tests. Differences y the average pumber of cach of tse var-
ialles between vears were examined imtially by univarate Lests
that were chosen accarding e the distribution of the response
variables. Tematocrit values and body condition [SMi) showed
a Gaussian distobution, and we used two-tailed @-tests 1o exam-
e differences between years. [n teems of the selative amounts
ul the aberrant phenotypes, except for microcytes, whicl showed
a Caaussaan distribution, all cell types conformed Lo oa bela dis-
tribaustion. We hoilt a series nfgun:uhi:-ulfl linear mindels [GLM:
Crawley 20021, and sach of the cell bypes was modeled in tum
with a specified error distribution and Tink (for all except mi-
crovies, a quasibonomial erecr distibution and login ik were
defined] We mext buzll more coanplex models o examineg whether
each of the atypical cell types were explained by pup hematocri
{as an indicator of anemial, body condition (58}, and pup isn-
topic signal (AYN and 501 Al analyses were conducted in B,
version 551 (R Development Core Teamn 2010%), using core
packapes as well as epatools, descdast, and pgplot2.

HKesulis

Atypical ervthrooyte morpholagies were observed in all of the
blood smears from pups borm in 2014 and 2015 Specinically, we
detected reticulocytes (polychiomatophilic red bloed cells), mi-
crocyles, mracracvles, acanllucvies CGipur cellsd, codooytes {Largel
cellsl, ducrecyles, eccentrocytes, edl.inl.u.':.lt:x iburr cells), :Hip

tocytes, kern!nqur—.:, :-r.hi::rl'-.—.!,'tns., ':phr-'rrq-tr:-;, anel Fleinz baclios
thig, 21 Rouleans was not observed inoany of the hlood smears
Several of the atvpical cell tvpes [reticulocyies, acanthooyies, ec-
centrocvies, echipooytes, elliptocytes, kesatooytes, and splero-
cytes] were sipnificantly more prevalent in pups boro denng
high 557 vears than in apparently healthy CSL paps bornin 2012
CP = S in all tests), and only eodocytes were maore prﬂ'.ilrnt
in pups born in 2002 than in either of the high 55T years (" tests.
P 0000 Only four of the detected phenotypes varied signif-
canily wy prevalence between 2004 and 2005 munely, fewer pups
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2 s
S
XY

Frigure 2. Anypical red Blood cells ahserved in Bloaod smezrs from
Califarnia seal lion pupes by ar San Heniro .Mrh-p:-l:agn dll.rlng akh-
norral sea sueface lemperature conditbons, 4, spherecyte & Codacvte
Darget celll o, Echinveyte (bare cell). dl Elliprocyte. v Schistocyie
o Reratocyte. g Acantecytes {spur cells). b, Ecoentrocyte. i, Dacrocyle.
3, Mlicrocyte & Macrocyte { FHeinz bodv. m, Polychromatophalic BIWC
[reticulocytel. Wright starmn. =100, Scale bar = 10 pm.

[
o

borrn in 2014 had codnoytes (x* = 1475, P = 0.001) and kera
tocytes (5% = 8.05% F = [003] than those borm in 2005, while
the inverse pattern was seen for reticulocvtes {x* o 14 75, P

00001} and elliptocytes i’ = 436, F = 0.0291 The prevalence
ol each of these atypacal cell morphologies per sumpluag coluor
is shown in lable 1.

When investigating interyear differencesin the counts of each
atypical cell fvpe, we found that nearly all were significantly
higher in pups born during the abnormally high 55T years than
in those bor ty 2002, The amownt of daceocytes, schasteoymes,
aned Heing boalies pes smear of pups born during the atypical
E5T ypears were similar to those of pups born in 2002 With the
exceEption ot codacyte comnts, which were lower in Tups harn
during the atypical 55T years (214 vs 201E; GLM. Fi i =
4458 P = 13% w100 2004 ve, 2012 GLM, Fyir = 2809,
=557 = 107", all other sivpecal cells were more sbusdant
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Tahle 1: Prevalence of atypical erythrocyte morphalogies
detected in Calitornia sea lon pup blosd smears

2014 20l5; 21
Morphology m o= 21 n = 17F n o= 13
Anisocviinsis 1) an [fEL
Reticulocytes 7727 2232 $1.530
MicTocytes L) EFAC L)
Macroonies 1) e el |
Acanihooytes 5409 AL.4H 230880
Coalooytes i A7 H4.62%F
Dacracyes 5909 G190 fi9.23
Eccentrocytes 4 55 59 2 s
Echinocytes ey Wi A L i
Elliptacwvtes Ha 36 5h.26 4a.15°
Keratooyles 4.55 40.74 414.15°
Schistocvies R 56 1010 LK)
Spherocytes G545 11 SRR
Heinz biodies ] Tal il

Huote. Columns show the prevalence reconded for paps barn during the 2004
azed 2015 sea surfece temperature (5511 apomalies The final coluzn shows the
prevalence of each of the arppical esd blood cell morpheliogiss b pups of e
nasse age born s W01 Z when the 55T was nomal. Waloes in boldface diltered
signilicantly belwern years,

mRagniSeand chilferences befween 20004 and 20112

*oagraficant differences Batween 2015 and 2012

than those recorded for pups born tn 2002 (8 < 01 for all
bl ]-tel:i-:.'u.'ll'-.'.':,'te:-;, microcvbes, 2nd e|'|i]'.-1-:||."|.'|e_': wWETE ThORE
abndant in the blood of pups barm in 2004 than in 2005, while
codocytes and keratocytes showed the inverse trend, being more

abundant in pugs barnin 2005 (F < 001 tor all models; see
table & tor average values and range of cach sampling cohart),

CSL pup hematocnt walues remained egual between years
[2014, mean = 44.75%, S0 = 4 852%; 2015, meain = 47.94%,
B0 = S06%; i-tedt, ! = 1874, = 33.02, P = 0057 and
dicl not chiffer from that recorded for apparently healthy C51
Truapes hrm an Ciranito im 2002, when 55T was normal |_|'n-rn.'|rn
<rit mean = 46, 54%, S0 = [1.79%; r-tests: ¢ = —0.0100, df =
248, P oo 023 Of all the arypical erythrocyte morphologies
ehserved e pups bory an SBA, ooly mwcrocyles were byversely
related 1o pup hermatocsil (GLM; By e = L0040, Po= {003, adj.
BY = 0.1%; fig. 3A), regardless of the vear of hirth,

ﬁru'}:,"n::-n-:l'irinn Wi signi'h'r.:.nrl:,r lawer far pups b im M5
than in 2004, when the 55T conditions were malder {bwo-failed
f-test = 2152, df = 4491, P = G4} The number of micro-
oytes was dorecely related 1o pug body condition, regardless of
vear of bicth (GLA; 8 4 = 651, F = 00151 Mone ol the other
red blond cell phenatypes wers influencsd by pup body com
dition (F = 005 for all medels),

Isotapic values of fur differed significantly bebween 2014 and
LA = A8, = DOHDLAYN G = 540 = Dol
In 2004, mean { =500 CSL pup values were — 16.2% + 0.4%
(H20C) and 19.8%. = 0.4% (BN In 2015, the mean { =50
wvalues were — 16.9%a + 0.4%0 (50T and 200 2%a + 0o4%e (55N,
There was nosignibcant relationship between either of the sta-
Ble isctopes and pup hematoonit (P > 0005 For both ooodels).
Howeewver, pups with hagher 80 values tended o have highe
numbers of micracytes (GLA; Fp g = 797, P = D007, adj.
8= |-:|t|_. 38) and reticulooytes (LM ) e = 30063, P =
171 = 107 pg. 30} Values tor 8N were inversely related
to the amaount of microcytes [GLM. Fi g = 1384, F = 0000

Takhle 2 Belative amount af Anitnr:.'rnnis and .111I.T|1|:.1'| rr:,-lhr\n.r:."rr I11i.'ITFI|'Ii.'I]|'|g'i|:'5 i California sea hion

pup blood smears

2004 peedian
Muorphology (W rangel; m = 22

Antsocvtnsis 9.3 (2.2-1630)

I012 mediai
U rangel; mo = 13

2015 median
["®; rangel: m = 27

.10 (- 20030 4. pgE (102 17.13)
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Reticulooytes
Microcytes
Macrooytes
Acantluocyles
Clacloncytes
Nacracytes
Eccentrocytes
Echimocytes
Elliptocytes
Reeralooyles
Schistacvies
:Rphr'rnr:.ﬂe.':
Heinz bodies

205 (0= 18.27)
S (2 I2-1585]
351 (46-5.43)
262 |0-Z7.57)

o -0}

S (291
S (0-E 2R
15a5 (0-50.5)
B 0-2.71)
01 (0-. 13
AL (0-Z207
24.07 (0-8521. 20
0 {0-1)

JHG DoAY NN N
4.97 (0-4,85) ENCE (T
398 (I-10.18) L5k (D=3 80
7.05 (-47.25) 54k (D-2.53)
A2 (h-.54) LRI [0-F.44)
A5 (0-214) A5 (0420
F0-2.51) 0=t [0
2508 (0-5020 AN (D-3080)
A0 -1.22] LR (- 18
A1 (=771 D5 (D-.16)
A6 (021410 A3 L1391

14.4% {254 46.58) 1get (0| 55}
02 {032} (0=

Moz, Lolumes sEow the medan and rizge ofsernod dor pups born during the 2004 and 2015 sea sarfice lempeature (5517
anomnalees. Values i baldtace doffered signifcamly betwesn 2004 and 2015 The final column shows the mean and rasge of each of the

atypucal red Blood cell i phologees detectod i pups ol the same age boos e 2002, whes the 55T was sormal.

*Lagnabicas dilferences between D4 aml B31E

'.‘n'.—.nlll:\nl tlifferrncrs Bertwern Bil5 and 2612
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Figure 2. Variation tn the oumber of atvpical erythrocyte morphaologies in terms of hemateerit (%) and fur ssetopic sagral [%a). A, Belaticnshop
hetween hematocnt and mcrocytes. 8, lsatapic 60 values and macracytes. O, [sotopac 30 values and rebiculocytes. O, Isatopic &N values

and mscrocytes. F lsatapic 4N values and anisacytasis.

Og. 30 and w antsocytosis (GLA; Fy g = 574, F = 0021
fig. 3]

Discussion

HBed blond cells are indispensable to vertebrates as they hind
axvEen and delmver it o tissues and organs. In order to function
adequarely, the cells rely on membrane stabilicy and heooglabin
concentration [MoGuure and Agre L¥8E: Lux 2016). If these are
altered due v indeerited, n'.-:l:uﬁuni.'.u]. inlectious, or aploimmune
disezses, trauma, or nutritional deficencies, their physinlogy is
irn'|'.-airﬁ.‘| and the r\-rg.'misrr:'s. health can be '=i."r'||'|l:l'=\.|:|-' COMPTO-
mised (Maigammwalla et al. 20020 Here we have characterized
pod Blood cell poorphology of California sea e pups that were
boen during 2004 and 2015 on the San Bewite Archigelago, in
the Mexican north Pacilie, when the u.1|.-:|:|nui-::-1.|.'i|'|-']|.i|_.|;]| S5 event
knrwn as the Bloh (Rond «t 2l 2015; Kintisch 2005) and a s
multaneans Bl Mino event had reached this g:ﬂgr.:_::hn: T{'gic-n
(Robinson 201a), posing a challenge for pregnant and lactating
CAL females that tnceeased their feeding effort in crder 1o pro-
cure Lee deetary requerernents needed for teeir maintenance and
that o their pup (Elorriaga-Verplancken et al. 201650),

We found 2 number of atypical erythrocyte bypes in the hlood
of the CSL pups. Regremably, data on normal erythrooye mor-
phology of neonatal OS50 are unavailabde, Most studies on free-
rangiig otacid peonates published te date have reported total
red Bload cell [RBC) counts and lematocril and hemaoplolin
values, and [less often) mean cell volume, mean corpusaudar be
rnnl_r.lnhir.. and mean rnrpu.:nl.l.1r hﬂnnglnh‘.n e . Mesdham
ctal [480; Castelling et al. 19%5, Horning and Trllmich 1957,
Beckmien et al 2003%; Brock e al. 20030 To the best of our knowl-

edge, only one otlier study has evaluated ervthrooyte merphol-

24

oy of otariid pinnipeds (Clark et al, 2002 ) and reporied a range
of cells wath nentypical morphology, mcluding echinoecytes and
schistocytes, as observed here. However, in most indiveduals of
Uie five Auvstralasian otariad species stwdied (Clark et al. 20023,
these cells were foand in lower numbers than those we recorded
tar the U510 pups and reticulocytes were uncomimon (Clark et al,
2002], while we Found them in 22% (2005 and 77% (2004) of the
pups. Furthermore, the atereneentioned stedy mcluded sild and
captive indoedueals and did oot provide usfermation on the -
dividuals’ :JEE.']']Lix ix relevant, ax some altersd 1|:|-.|r|:-]|.-::q'.|:-?:iee-: can
vocur during early developmental stages. For instance, fetal eryth
rocyies tend to be I.a.rger and can vary mone in th.ape than those
of adult humans (Zipurksy et al 1983; Steiner and Gallagher 2007,
and peiplicral Bloed sincars of infants have greater awmbers
of scanthocytes, target cells, and reticulocytes than adulis (£s-
prerksy et al, 1983), presumalbly due b decreased deformability
and increazsd gsmobic resistance relative 10 adult’'s REC (Chris
temsen 2

Based on the above, it could be argued that at least some of
the winsval cell morphologies abserved in the C5L pup Blood
saowsers ol caer study could Be normal for their stage of devel-
opment. This could be the case for schistooytes, dacrocytes, and
Fleinz hodies whaose prevalence and abundance per smear were
statistically similar to those recorded for pups of the same age
that were born at Granito [sland in 2002, when 55T was normal,
Tl beting sawd, Blood smears of the C5L pups born during high
55T years revealed some marked dilferences o those of pups
bawrm in 200 2. First, none of the latter had ecoentrocytes, which
were detected tn maore than halt of the pups born Suring the high
55T vears, suggesting that their presence in pups 15 unlikely to be
normal The average counts of codooymes were lower in 2014 and
2005 thasia i 2012, althewsls all valwes were witlin the seference
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range, making this fnding unlikely to ke of biclogical signin
cance, Furthermaore, except for schistocytes and Heing bodies,
all abmormalities that were present in the blood of pups borm
durtisg the high 55T wvears were sygnificantly more abundant
than in pups born dusing 2012, plawably implying that thear
presence could indicate physiclogical alterations, which we will
dizciss helow.,

[n general, ervthrocoyte aberrations are formed due bo mem-
brane abnormalitics of congenital o nutritional cticlogy or are
caused by wtravascular trauma (Nagamwalle o1 al, 2002; Lux
2006}, The fact that the CAL pags included in this stody showesd
na signs of traumia aor infectious disease that could explain dam
age 1o the {'r_|.1'h rocytes led wis b propinse ihat their coourrences
rnight be due to suboptimal nutcition (see Balletn 1990; Eoury
2014) dervved fromy incrcased maternal Foraging ofort (Kuhn
aned Caosta 2004; Elorraga-Verplancken et al. 20060) and redwced
dietary quality of prey consumed {MaClatchie et 2l 2006) dur
ingthe high 557 events that acourred in the northeastern Pacific
during the study vears, In particular, reticulocytes, microcytes,
spheroontes, and cchinooyies—all detected in hagher numbers
it pps bosi during the hagh 55T years—teisd to be formed when
az inclavedual's uptake of iron is inadeguate (Enpland e al, 1976
Clark 2000%; Collard 20091 or when there is altered intestinal
ahsorption af iron, folic acid, and vitamin R12 {Lipinski et al
210

While tempting to discuss the abnornsal phenobypes as wn-
equivieal evidencs of nutitseaal anem, having found thar the
pups’ hermatoeril did mot differ froe that of the reference values
makes it samewhat challenging to suppert this argument. One
prssihility is that if females spent less time nursing their pups
during the high 55T years, consumption of liquids and nutrients
by the pup would be suboptimal and thear plasma volume would
decrease, breding thear hemmatocred w0 appear higher taan of they
were nornovalemi:, 25 occurs dering dehydration (Billey 1990
Frslew 18970, Alsa, it is passible that at the time of sampling, any
pnrenria'l anenie state had al'r-rarl:.r ke resolved, and had the
pups been sampled carlier, we might have fownd losw hematocnt
values. In other words, ow pesults are a sisapshot of a specafic tune
period, and we can only speculate abowt whal oocwreed previ-
ously, Monetheless, taking into 2ccount that the prevalence and
abundance of specific cell types varial between 2004 and 2015,
we propase that distinet processes were scourring amang those
FEATE

Manscly. retscwlooytes, microcvies, and elliptocyies were more
abundant in 2014, while codocytes and keralocyles were more
abundant in 2015 Roth microcvbes and keratoovtes are indica
tive of nutrient deficiency (Massey 1992 Naigamwalla et al. 20012
Thrall #t al. 2002], while reticulooytes ooour during active eryth-
ropobesis [Janus and Moerskel 20000 Thus, we propose that pups
b an 2004 weere wideigoang scbive covthuopoiesis as a med-
ullary responss b hypoxia (Haase 20000, Such hypoxia could b
the result of developmental demands (Habvorsen and Bechen
steem 20021 or eould e the clinical feotpring of an already re
salved anemic state [Lux 2006), In contrast, pups born in 201%
had cell tvpes that tend 1o be assocated with iren deficiencies
and less evidence of active (pesponsees} erytiuopeiess than pups

25

borm i 2004, This would suggest that the medullary response
wias less adequate in pups barn during the most severe 55T
anomaly

Plaiped imlk compositon bas vet to be studied beyond Lip-
icls, proteins, cachohydrates, sodiem, 2nd potassiom (e, Do
sitkor et al. 1983 Trillmich et al. 1988; Arnoald and Hindell 1999
{;E-:!-TE\E'.'E stal 2000 Came stz 200 51, anmd we are nnaware 4:-1'.1111',-'
published study that has examined and quantified the presence
of these elenents in the milk of any pinniped specics. However,
traces af iron, folate, and vanous other pucronulsients are Com-
peaents of huwman milk {Bullen et al. 1972 Allen 20020 and thae
of waricgus ather mammals, i11;:||.||:|:|n|:l; |i|‘-t-_x {Adkine =t al. 2001,
cats (Adkins et al, 1957], and gi.a nt ]’!'.1I'||‘||'I$ -:.T".'h.ang et al MG,
[ fact, there appear to be marked commonalitics in milk com-
posttion among mantmalan species (Davis et al 1%95; but sce
Shiwrpr et al. 2006, 5001t s likely that CS1L pups noomally recemve
these micronutrents during lactaticn. While we da noet know
whether the composition of CAL milk would vary with climatic
alterations, bazed on the observed relationship between the ise-
topic signal and the numbscrs of some of the aberrant REC mor-
phologies, st would appear that changes o imaternal Foiaging
labits duwring higl 55T events could have an impact on their
pup's micronutrient intake. Even if milk compesttion remained
|:|nr.|'|.'|1'.|_l_r|:| deuphr adult females tesding on prey of less mutri
tional value (Sharp et al 2004) or perlorming extended toraging
treps due to the ancmalously high 35T [MoClatchic et al. 2006,
Tactatusg puaps would presunsably receve feower nutrients, inclod-
ing those essential for adeguate erpthropoiesis. For neonates,
this could be problematic, as during perinds ol rapid growth, sven
mare iran is nesded (Lipinski =t al, 20000,

1, as hypothesized, maternal nutritional lmitations deiven by
the abrormial 55T conditeens Lead o suboptimal nutoition of the
pups and grven that the enverommental conditions that claal-
lenged adult females were less severe tn 2004 than e 2015 a0 the
study region {Hobinson 200160, presumably pups hirn in 2014
wiotlld have recsived |"I'I|‘|I.IE|'. minirients fa he able fn compensate
for transicnt hypoxia due to active ervthropoicsis [Habvorsen and
Bichwensteen 2002; Haase 20001 o iren depletron (Massey 19%2;
Jaras wid Moerskel 2000; MNagamwalla o1 al. 2002; Tleall el
20121, Hawving fowmd that lewer fur 890 values were associated
with fewer numbers of reticulocytes and microcytes provides
same evidence far this hvpothesis More negative 550 values
indicate more oceanss feeding [Hobsen 1490 Burmon and Boch
19494 ypacal of an extended forspue range of adult fomales in
search of prey (Boness and Bowen 1996; Elorriaga- Verplancken
el al. 2006a). It is possibile that the extended lapses withot suck
ling himaler the pups’ mechanisms ta mest physiclogical demands
or nukritional alterations. It was interesting to find no evidence
that bty condition was related to the number of red blood cells
that vadvcate actove eiytlroporesss, sugpesting that pups could
hawe a relatively high mass- bo-length ratie withouwt necessarily
possessing sufficient notrients o implement baschemical 2nd
cellular processes adequately, a5 can ocear in humans {Ahdullab
2015]

The abundance of microcytes and anisocytosis were inversely
related to fur 6" M. Intense fasting Cun cause a oegative oulrogen
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halance and a “Noenriched nitrogen panl, which i= invalved in
amine acid synthesis (Habson et al, 1993), However, we did not
find evadence of emaciation or senous malnutrition in any of
the sainpled pups that would suggest this scenano. An alterina-
tive explanation is Uwal the higher 8N values are indicative of
pregnant or nursing mothers fesding an prey of higher trophic
pnt:rinn | mee ."\.-'I'in.1g.a'.1.'.a. aned Wada 19847, [t was ra-.'\-.-r.rlf.r rr]'.-n:'r-rd
that adult C5L off the Califormia coast had switched to prey of a
higher trophic level (pock fishes) than their regular prey (sardines
and s loovies) us s region, presansably dae o e Gttt the
high 55T caused by the Blob diminished prey availabilivy (Mc
Clatchie et al. 20163, Taking into comsideration that microcytes
amnd T|"|‘ii.'|l||‘|r:|l1f-5 were less abumndant wathin #ach blood smear in
H5 than in 2004, it 15 possable that C5L pups suckling from
acdult Feinales that fod on less nutitious prey of a hagher trophic
position were less able 0 compensate for any oicronuisient
deficiency. The proximity in the turnewver of fur (Odel] 19721 and
ervthrocytes (Kare 2002) facli#ated a viable masch between the
resilis abtained in the ':_tntn]:\-in,' and RRC .1113|:|-"$|:"L., sehich involved
in both cases the final stape of gestation and a first stage of lacta-
tpan {Odell 1972 Elorisea-Verplancken et al 2006:).

In additzen W micronutzient restriction and sclive ervthico-
piviesis, another {nonexclosve) possability is that at least some of
the atypical marphologies observed herein reflect subogptimal
phagooyiasis by macrophages. These phagooytic cells play an
important role in ervthropolesis and in clearancoe of old or defec-
tve blood cells. Maciophages found in the boiw marios pro-
vide izon foz develaging erythooldasts (Bessis and Breton-Goruos
IETS I.eirnh-:ﬂ.rgeﬂ al. 2008, Hentre et al. 20000, whils thase in the
liver and splecn undertake clearance af ald or damaged erpthra
cytes and are thus responsible for providing iron to the bone
msactow From recycling of destroved erpthrooyes (de Back ¢t al
2004y, I macroplapge plasiology were altered due o dietary en-
ergy constraints, both erythropasesss and erythrocyte destruc
tiom could plasibly e impaired, leading 1o the acoumulation of
abmarmal cells This conld
numiber of circulating monaocytes. We have no means of address-
urg this hypothesis experunentally; however, unpaired anmune
actavily, macluding responses reliant on phagocytosis [see Sala-
berria et al. 2013}, have been observed in CS1 paps bom wmder
these anomalaus $57T conditiens, despite normal leakeoyte counts
(Banues-Martinez et al, tortheoming), so it is possible that the
phagocyvtic capability of hepatic and spleni macrophages was
unpaired i C5L pups boen to mothers ander nuteitional dueess.

IF any of the proposed scenarios were proven correct, the
presence of atypical red blood cells could be relevant to C5L pag

sour without necessarily altening the

fitmess, as red Blond cells are ]’!'.I.I'I'il.’ll].‘l]’l'!" iTI'II!l:ITI:.‘ITI.I‘ tor de

velaping individuals that wall rely heavily on increased oxygen
storape capacity for deang and foraging (Clark et al, 2004;
Weise and Costa 2007; Buras etal 20057 L the currenl context
ol sudden, stnking, and olen unprediciable environmental
uh.:.ntl;vee':\.ﬂ:urh as the Bliok and other pnrum'i.'l] climatic events, it
is imperative to increase oo understanding of the efects that
thew can have on matural populations, particalarly interms of
the Jong-term consequences that could affect species with slow
sexial maturity 2od low reproductive rates. Tlis stedy is a first
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step ta explore the effects that abnormally kigh 55T can have on
key physiolagical aspects of developing individuals
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ARTICULO II

En esta seccidn se presenta el segundo articulo derivado de la tesis, con
titulo “Climatic anomaly affects the immune competence of California
sea lions”, que fue publicado en el 2017 en PLoS ONE
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Climatic anomaly affects the immune
competence of California sealions
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Abstract

The pasl decaces have been characierzed by a growirg number of chmalc ancmalies, As
tnese angmal=s tend 1o ocour suddenly and unexpectedly. it is often dificult to procure
empirical evitenca of ther effects on natusal populations, We analysad how tne recent 524
suifara emperatiure (S5T) anomaly in tha nodhsastem Pacific Ocean attects body condi-
ban. ncdrticnal status, and mmune compeiense al Califormag soa bon pups. We found that
pup body condition and blood glucoss levels of the pups ware lowsar during high S5T evants,
although other bromarkers of malnuintion remained unchanged, suggesting hat pups ware
experiencing early stages of slardabon. Glucose-aspendant IMmuUne reEponaes were
aflected by the SST anomaly, specfically, pugps Do dusng Righ SST evenls had ower
srum concentralions of gl and Igh, and were unabile o respond 16 an immoene challengs,
This means (hat not only were pups that wers barm during s 35T aromaly less able to syn-
Inesize protective antibodies; they were also limited in their ablity 1o respond rapidly to non-
specific immune challenges. Car study provcdes empincal svdance that ahypical climatic
conddicns can it energebs eserees and compromise physologeal responses hal ans
casentiol o e sureival ol & marog g prodalor

Introduction

Therimg the boreal winter of 2005 & sdden increase insea surface semperatiere (55777 was
detected in the Gulfof Alaska [1.2], This anomaly, reterred foas “The Blob', extended gradually
soithwards The 55T anomaly was further impacied by an EL Nifo event, confivmed in lune
2005 |20 These events Jed tooan wiprecedented 2 10 570 merease above the hiswrcal averaps
ke S5 [0 By susier 2005 the asomadiusly Tl 55T had coconpassed the entire narth
eastern Pacifie, including the somthermmnst tp ol the Baja Calilernia Peninsnla, BMexice. Spe
citically, the S5T anomaly was on average 17C higher in 2015 than an 2014 for the contral part
of Faja Calitornia, where the 5an Benite Archipelago is located, and insome maenths exceded
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O[] The darstion ol the amomalies was also extemded an 2005, seith sis ol the monthe
reaching over swo standard deviations af the 551 recorded between 1988 and 2004 |5

High 55T aler the primary productivity of the marine environment, which in o affests
all trophite Levels |60 | with disasteous consequences for sca Birds and manne mammals (200
Chine ol the maost drainsatae effects of Tuel 557 was ofserved durme the 1982- 1985 EL Xifo,
whiseh leed to 2 snarked reduciion ol the ':.rill.l'lill'_n.:l.'u Ter el |ﬂn:n.u'eph.::|.!u.i gﬂﬂpﬂgﬂsnilﬂ i
levican [ 10, The high 557 driven by The Blo®" has already led 1 ecosvstem alerations anmd bio
mass changes, reductions in the abundance of fishes [ and increased stranding events of
young Calibornia sea lons (Zalophes californiamis, hercatter CSL1 2 2L The Blok' was even
related o the occusvence of a Large havmiul algal bloom that affected CsLoas well as other
rinerng mamemls | 1],

Phe 81 35 o otarinl |\inr|i3:-u|| thait is chistribaeted I|'|.'|'|u!:||-::-|'.| thie moartheast Pacilic Ns
rrastal “q,';'l_li'l!_lh hakits [ 15,00 ] make it 't'!JI'IiL'IEI,,I.I'|":' vialnerable 1o declines in ]\l'-q':,';.-.';uil.lhililg; [5]
Avsadult termale CSL tend o procure prey less than L83k drom their breeding sites |17 ], well
within the arca atteowd by "The Blob', devonished prey availabalioy forces them o estend the
Focagiag Leps i order b Socd 17 18] and results i conscniption of prey of lower natntonal
anel emergetic vithue, such as shontelly reckish, istead ol the tepacally preferred sardines or
anchowies in areas adiacent 1o California [12] Such behaviooral madifications will likely have
comsequences For pregnant o lactating U501 (which are already undergoing an energetically-
dermanding precessd [ 149], as well as for thelr ottspring.

I suboptumal materzal nutemwon means that fewer resouzoes ave available for developiog
preaps then costly phasiclogical processes, sach as immune responses, could Be hampened,
Maintaiming and deploving the immuone effectors neaded for survival i greatle demanding of
an individual's resources [ 20] Forinstance, in the house sparronw, Passer domesticus, coll-based
LTI Fesporses e a mitogen roquines the investment of energy equivalent to that needed to
prodduce Ballam g [21], and dunng bouts of fever, each 170 eise b the core temperatine leads
Lova =155 amerease e ewlabobie sate [22] Takig, mato account the atypecal aceaographog
comibitiams brosghu om by "The Blah'and B i amd ses ompact on adoll femnale CH1L fomaging
befavionr (15,25 and diet 1208t is reasonable to assame that newbhorn pups did nos experi-
enee “nermal” nursing Guring the 55T anomaly, in terms of the ameont and quality of milk
peceived. There i some indication that this i indeed the Case, as CRL paps bosm o 2005 inthe
Slesrcan sortls Pacifae Tand Lvwer maass than taose Borm oo 2004, when the 58T anomaly was
less prrommeesd o that region |5 08] While there are pubhehed stindes o the effects of
miatarral conditiom, ferraging requirements and I';.kli1!|__l. tires on milk |'|||.||'.I:.' [24-20]). we are
unaware of any study on variations in quality of asaritd maternal milk cavsed by atypical
occanegraphic conditions, However, seasonal huneer has boen shown to lead o temporary
decrease i prodecton [27] and quabiny [24] of haren sailk, and mstesnal oatotonzl staios
catn Bivader necmatal developenent, grewth, and survval [29] 101kis were the same Tor the C51,
the ahnormally high 857 could impact pup fitness severely, particularly as offspring rely
enttirely on maternal milk during their first six months of age, and continue to nurse for mos)
of their Hrst year |50,

Heze, we studied swhether C51 pugs Do docieg, the azomalows 5577 events Tad fewes

resources avadlabele o elion adeguite smene respozses thas paps bosnodunng = year wath
nermal 557 comditions, Toaddress thas research question, we estimates pup condition, quan
tilied blood Biomarkers of malnutrition, and examined ditterent measares of immune funetion
praved then o those of pups Bori dusting a vear of poeimal 5517 conditions. Basad on resource
allocatzom theery 2152, we predhioted that pops sl o logher Body conditeon and better

nuetrigtoetal statos would Rive 1) more ke 4w FESPITSCS 1l T e ~'|1:|||-:'||j:r,
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climical rampe

Materials and methods

Study area and species

As part el on-going stoadies on pinniped eoology, during the breeding seasan of 2014 fmid
Tulyd we sampled 28 CSL pups at the San Benito Archipelage (818 287 TR, LY 534W) inthe
Mexican Morthern Pacihic, 5BA ws comprised by a group of thice islands (named Eaal, Muddle,

el W] lecaned 230 koo southeast of Guadadupe Tslaod wnd 75 ki socthwest of the Bae Cal-

thernia Peninsula, Mexico, All swmpling was carmed out in West Benins Island, [n 2075, aware
that the hogh st 1 associated wath “The Blob' and Bl Nifio events had reached sBA, we returmnad
to the field site and sampled 35 C51 pups born during that breeding season, However, evel
thewgh the 55T anomialy was less pronounced in 2004 than in 2005 as reported for the stody
vegicn by the NUEPSUAR Reanalvais Project [13] of the Farth Svatem Besearch Labosatory,
Maticnmil Oceanme amd Atmnosphenie Admimeatrion (NOAAL I certinnly conld ned be consal
erecd a tvpical vear (Vg 1] This, we consadersd 2004 a5 a 'l severe’ 55T anomaly for the
region, Since we did not have immuong, haematelogical, and serological data from pups born at
SBA durning normal 55T conditions, we used data trorn 23 clinically healthy CSL pups of the
samic age (h-Bowecks ol age! boroin 2002 ot the rookery fownd i Granmto [sland (297337 M,
LIA7A2 W

nerrmal 557 (5], amd ther caprore, handlng, and sampling as well 25 all hacmatolagical

seference values, These pups were born dusing aovear that was charactesiaed Iy

i

sorslogical analyzes were conducted exactly as described above

Capture, handling and sampling

St bon pups were captures with hoop nets and were restrined manaally doring sampling,

eoted, The
s was determined vsing a vertical hanging scale (00 kg precision) and the length trom the
tipood the tail oo the nose was measared with 2 tape measune (1 mom precision ),

For each pup, mass and total lenpgth were recarded, and blood samples were o

Weswal tspecticn By @ veteriarson ascerbaned e gesesal health status of cach pup. Two

bilesd sammrples (7 mil each) were collected from the caudal ¢f I veim using an 18 gape needle
and vacour tubes | Vacosainer, BUY Biosciences, LIEAY, ane with BIYEA and ane withou! any
preservative. Blood was kept in an upright position in a cooler, protected from divect sunlighi.
aned was centritumed ab 22000 rpe for DO n within thiree houes since the time of collection.
Serum was sepanated and covopreserved wa bguad metrogen contaner uonl further azalyss.

Sampling was conducted by approval of the Baoetlucs Commattee and TACUC of the
Avtonomons Ustiversity of Querstara, AL procedures were carred aug under permits SGPAY
DGWVELTT400 3 and SGFAS DGVEDOTR5 15 issued by the Direccion General de Vida Silves.
tre (DNGYS] of the Secretaria de Medio Ambiente v Recursos Maturales (SEMARNATI

Body condition and nutntional status

W calculated mass per unit length and obtained the scaled mass index tor each pup |34 This
preoecy ool by Comdition was weed because the pelationshop between cnergenc reserves and
bl sbze s conmplex, and this measane ks meto accownt the scaling berween body compo-
nenits i by seee [ 4],

W quantified the concentration of different Blood bromurkers ol malnwiritum | 35]
Marnely, we measured gluoose, riglveerides. total cholesteral. FTOL ttal proteins, albumin,
creatinine, and blocd urea nitrogen, Parameters were measured by spectrophotometry using
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Fig 1. Sea surface temperafure anomaly {C)in the northeastern Pacific Ooean, Pannls shoe the veeranae of siions reeeedas ol 1740
Julse 3% fon (A 2092, VB0 200 5,000 2014, and (D) 3015, The locaticn ol ha San Benilo Axchipelagn is indicated willkin the sguae, Imapes
prowichad by the NOAATESEL Fhysical Sciancas Dwision, Bouder Calzrads rom thar Wab sile al nizp Uweass asi noaa qowpss’ The pols wara
rranztnd by asing data calkcted by the NCEP™MCAR Rommdysis Praject [12]

hlipecidniera 1001 37 1 jouma . pore 0179353 g0

an avtomabed bochemisiry analyser Cspin Lab 120, Spinreact) and commercially available kiss
Capramrcact S AL Cria Ranta Coloma 7, E- 17176 Sant Esteve de Bas, Spainl. The Bochenistey
assalyser wies desgged For husean use and was calibraed poos o renmng the samples wong a
calibrator from the manefcterer, Twe contrals of vaphilized human seram were run opether

with the CSL samples for each assav, I a comtral Giled, the assay was repeated

Assesament of immune paramelers

White blood cell commts, Total white Blood coll PW BT connts were porformmied Jess i &
b atter hlvod collection wsng a haemasytometer [Cplic Labor, CAUSAL We prepared three
bl smears per sample and fixed them in 90% methanal before saining with Wright solu-
tiom, For each smear, we determined the ditterent WHEC populations by counting the number
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ol meutraghils, band neatrophils, bypersegmented seatroghls, lomphooytes, monicvies,

gostraphils, and basaphils in 100 cel's. Absobrte numbers for each lencoeyte fvpe wers calen
Lateel by rmultiplving the tonal white blood coll count by the pereentage of the cach levcooye
By,

Fased on the WBLC reference values Qe £ 2 50% 50 Table) prevaously caloulated for chin-
caly Bt prazpes bozoc duning: voreoad 557 conditens, we determined the presence foe
ah
cvtosis, lympheocytasis, emphopenia, eocinophilia and basaphilia [ 5]

Tmmunoglobulin concentrations,  Tmmonegiobulin gl sefvpes Aoand M owere guanti-

eneed of chnical imeicaticons of disease, namely loucocytoss, reatrophelig let shat, mones

fied By andirect ELISA usting mouse ant-dog oA hovscradish peiosadase (HPRT comjugate aind
rveranse azte-deg [phd HER as pomary antibodies, aed goat anste-meonse Lpl-HPR, Moves) asa
secnmidary antthidy, The Mucosal lmmuenclingy Laboratory of the Veterimary Schoel an Bristol
University, UK provided the primary antibodies, For details on the profocnls used see Sup
porting Information. [gly concentrations wene measured with a protein A ELISA as reported
previcusly |37 with slight modificatons (see Sepporng Inleimation ). Absorbanoe was mea-
sured s ELESA macroplate veader (BoBad, USAT av 850 o For cachosotype, alsorbance
reslings were iterpalated onoa stmdard corve wsing dog serom (Bethy] Labonnones, UsA) as
a reference, All reactions were Tun in triglicate

PHA challenge, e examiined the pups” ability teoreact to infradermal imjections of phyto-
hemagglutinin (FHAL a plant-derved bectin that stimulates T Ivinphocyvte imitogenesis | 53]
azd causes local i lasmiation s & direct reselt of tesue dansage [ 39], The challenpes were
comilucted as dome previously [10], Brelly, Gor sach pap we mcasared the tackness ol the web
bing between the secomd and third Sigats of beth hind fippers and imoeulated 100 pl of 1 mgy
ml of PILA intradermally into the right Dipper, and a conteol (100 pl ot sterile saline salution)
it the Jedt Cipper. Webblng thickiess af the imoculation sibe was measured alter < b (40 All
measurerments were takes m plicate to the searest (0 min with a thickness gauge (M-
tovpes, Usa, The response 1o PHA wae calouloed s the dilference between the |.'.'|.|r|_5:-\.' m
mieddian theckness of the el Mpper amd the change momedin thickness af the rght Tipper,
Fhis challenge was conducted only en pops barn in 2005, and data was compared 1o that
recorded for pups of the same age, borm in 2002, which had been challenged using the same

prrotonel,

Statistical analyses

W ammtnlly explored sur datiset graphecally e establishe e spread and distneion of the
iheta, Contimasus respumnse varizbles thant deviated from the normal distribation were e
ined with Cullen and Frev graphs o determine their distribotion We built 1 series of indepen
dent generalized Enear models TGLMD B examine 0 variations in the measuned paramelers
amongst birth cohorts (2004 less-sevene 55T amomaly; 2005 severe 55T anomaly; 2002 novimal

31 cosdationa a0 explode the velationshop between aomuone- related varables aad condi-

L e Bionsarhers ol ot metabahe statos, Besponse varables tat bad o betadisinbo
b {100, T, Dhd, ‘.r'|__l.|:.'~'|"i::lu's. and all white Bliad cell |1|1|,1'.I|.I|illl'k:l were mivclalled with a
quasibinomial ervor distribution and legit link, Dichotenous response variables ipresence of
leveocytosie, neutrophilia, left-shin, monocyiosis, lvmphocvtosis, lenphopenia, cosinophilia
anted Basoplubad were odelled with o biosial evven distributoon and ]I.I:T'II link. Al other
varizhles were mormally destribnsted amd were mdelled witk o Ciaesacan ereor dastobncien,

Pukesy HA1? tests were wsed to urther examine dafferences inovariables between vears, Due o

umeual samiple sire and asymmetric variance, differences in webBing thickness imeasure ol
the respaonse Lo the FHA challengerof paps borm i 2005 and 2002 were examined with a
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Borskal-Walls rank smm test Comingency tebles were buill i order o mvestigate whether

the prevalence of each dincal indicator of deviation from health varied amangst birth coborts

W wsesd Fisher exact tosts 1o determine the level of sigrificance, Al analyses were performesd
in B oversion 230 [41].

Resulls
Variation in body condition and nutritional parameters

Bloced levels of chalesterol, trighyeerices, HINL total protein, albumin, creatinine, amd area

were within the reterence values (57 Tabled, and did net vare amongst birth cohors, Incon
trast, mean glucose levels were [5% lower in pups born under atypical 357 conditiens (F; -
4235, = 0u0LA: Fug 2al The severity of the 35T event did not atfect the blood concentration of
glLln.llh'[_’Lll-l = 2005; Tukey HSLY, po= 1AL

By comeitiom was e-:l_!'_r.ll'u _'||I'|:\.' lewwoer iar [ born -:lll.'ll'ug the YEITS ||'!":|i1:|| 5T comud
tions than during 20072 0F, ., = ME37.p = 73500 Fig 2h), amd those horm in 2005 had a
Ieweer body condition than those bern in 2004 (Tukey ST p oo G020 Glycaemia was pre-
dicted by pup body comdition, regardless of dilterences between yoags (F1 - = 768, p = 0007,
Fap 200 Mene of the other Broisarkers of nutrstonzl and metabwdic stamas were related to body

condition

Variation inimmune parametors

Fosal WEC counts of the pups born at SBEA were similar amompgss birth cohaorts, repgardless of
the severity of the 35T anomaly, and did net ditter feam the values recorded tor healthy pups
of the same age that were born under normal covivenmenial conditions (GLM; F- -, = D26,
=772 Most of the differentzal WEBC couts of gacps bogo o 2000 and 2005 were withun
the el P T ardied (e ||-.'..'||I'|'.:\. g anek il ot vary 1||.\rk|'l|'l:\. o thesses comnts
recorded for pops herm in 2002051 Tablen However, basophols were virtually absen in pops
born i 2005, compared to pops berm in 2004 and 2002 0GLN. 37 0w - 48 p - D00 Fig 2al,
and pups born i 2004 and 2005 had almaest nne tmes maore band neateophils imcan =
SELA T thian pugs Bor i 2002 Qe = 628997 [GLN; _;l:l v = 15005, p = 2210 % Fig 3b),

Purthermore. 305 el the pups Bors i 55 Bad hyperaepgmented nectraphals, o contrast e
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Fig 3, White blaad call counts of Caltarmia sea lion, Zalophus califomianas, pups that differad betwesn thase born during narmal (2002) and
atypical (2014 and 2015) sea surface temperature conditions. &) Bascpnis 8) Band nealrophils, & Heoesegmented nealopais

s o 1013 journal pane N PSS, 006

whatl wins ubserved For the other Birth cohorts (2018 08 % 2002 0092% 00 and these cells were

significantly more abondant in pups boen in 2005 [GLRA F, g = 2852, po= 0004 Fig 50l

Merne of the pups born in 2002 and 2005 kad evidenee of lemphopenia, The proportion of CS0
pups with a ledt-shitt was significantly bigher tor paps born during atypical years (2004: L

200 5 A, 2002 A 3% Pearsoan’s Cho-sg = B5005: p= 00 ad asolar pattenn wis seon ko
eostiphida (20014 20e%, 20015 214%, 2001 4.3%; Pearson's Chi-sg = bl p = 0002) The
prevalence of leweocvtosis, lemphocvtosis, bmphoperia, monocytosis, neatrophiha, and basoe
philia did not vare amongst vears,
TgAd levels did not vary amongst birth cohorts, bat the concentrations of [gh and Tgh were
signnidicantly Tower inpagps Boen dusing an 55T aneazaly thae aa sososd vear [GLL; Tete:

B ne = BS, p o= 2 [gAs a0 = 3006, p = 3.77x10 1 Fig 4.
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Fig 4. Serum anibody levels of Calilornia sea lion, Zafophus californianue, gups baen under narmal [2012) and atypical {2014 and 2015) sea
surfacs femparabire conditions, S g5, Bilga, gk
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Fig 4. Skin-lald thickness in response to PHA challenge. Beso 1o 28 n Cabfaria sea lion,
Zalaphus Seifoeanues, puaps Do guring mommeal (200 2) and atypical {23135) saa sulace lerperatig
ondilions

The response tothe PHA was 4013 times Tower for pops borm in 2005 than in 2002 [Kros-
kal-Wallis; 3° = 18,57, df = 1, p = £7%107 Fig AL

Bocy condition, nutritional status and immuna effectars

o LA (GLAL
Fron= VAL po=oonf and both [gl and laA concentrations i reased with bleod glucose
level (GLAG gt by oy = 12686, p o= D00: IpA: F, PAA70 = LA Thee respuse L

PHA also imereased i relation to blocd glucose (GLRL FL L= 13890, 3= 7551007 Mone of

Fups with & better body condition tended to bave 2 higher serum concentration

the sther bicmarkers af nusrition were significantly associated with any of the immune

viteclors,

Discussion

The immune svstem is indispensable for the survival ef any individual ) e order to finction
adequately, the ettectors that participate in meunting an immune response requirs nurients
and crergy | 2052 ] Here, we tested the hvpothesis that of the abnogmally high 55T cenditions
Civsad by TThe Blob' [1.2], wod a sonultioseows B Nifo event 3.5 posed @ netnmozal and

for prege

ernverpelic challen

b lactating O 0

nles [17,18], then their affspring

were likely o have lower by comdition, altered nurizsional status and impaired immuane
responses. As we did not bave Sata for pups barn at STA dering normal 55T conditions, we
vaed data collected trom pups of the same age that were boen doring o normal vear at a rookery
leacaned o the midindf region of the Gult of Californea, While not ideal, Ss data was considered
vl o use as reference data, as published dateon Baensatelogy, blood chemsiey, and seralogy
ol C5E foenses mzinly on older animal, avd mostly omstrended ar captive imdevidals [47]

W found that body condition was sipniticantly lowser in pups born during the atypical cli-

rratic comditions, and was even lower for pups born in 2005, when the 55T was hogher than in

i June 2B 2017 B4
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24 [1,5] However, excepl for glucose, which was 155 Tower i pups boen wnder avpacal
SET comditions, the bicrmarkers selected to assess nutritional/metabalic stasus were within the
reterenee values used in this stady and alse fellwithin the range reported for voung 51 [ 56)
This trplics that vather than malnuossition, these pups may bave experenced undernoorition,
a wly stage of stwrvation i which anoiedeadoal fuas et vet ssotched wogluconeogeness,
theet o vt corrected swall Lead v sl [12], Bracing that glycaema was directly pre

o by pup body condition further strengthens this possibiling
Mone of the pups showed any clinical signs of disease ar physical sxamination, and most dif-
ferential WHEC counts were within the reterence values here wsed (pups Borm i Giraniio in

civs wellas wethen the nermal range repoeted B yearhing U510 56 ]L sogeestng that at the

toze el sernpling, e health ol the pups wis comparable mongat et colwerts, One exceplion
wats casinephils, which tended v be more abondant inpaps born i 2004 and 2005 than thase
borm e 2002 Eosinophilia has been related o domeic acid intoxication |42 and it could e
argued that the CSL pups born during the high 55T conditions swere attected by mammary

tramsanission of domeas acid frem Lawtating mothers that ted i areas where toxic blooms of

ozt act

temns o 200 ol 2005 are kneswon e bave Geeonred blocoms of Pseudo-mitzschia qustrals along

predducinge alpee, Pretdo-sitzschian spe, woere occurnmg, [15]0 The legls 55T condi-

the western coast of The LS, cansing considerable damage o U5
I4] Havwever, to the best of our knowledge., there has seen no evidence of domoic acid intoxi-

caticn i sca lions al SEA nor have blocms of Pseudo-pitzschia been reported to accur within

arul other mrarine manmals

the feediy, vange of 5BA adull females dusing the 2014 and 2002 anonmdies, Al dunag, e
dureticon ol our Geld trpowe Taled toobserve abortons, as would be cxpected dunmg i alérs
tewicity O pregmant females fed in lecations where Pseude-nitzschia blooms were ocoarring

| Except lor one aduolt male that was displaving an unwsval “rolling” meverment along the
beach. we did not abserve setzures or altered behaviours associated svith Do intexication |47
iy adull female, wevenile oo pug during the study vears, Dn that sense, whule possible, i s
ushikely that the C51 pups were aflected by DA mosication

I adchiven i eessanaphaliag the secomd exception o the birgely normad Teakoprom s the

number of hasophils, swhich were virtually ahsent in pups born in 2005, compared to pups
b i 20044 amad 2002 While cireulating basaphil numbers are typically low compared to
other WERC tvpes, an absence of basophils can be indicative of adrenocermical hyperfunciion

l:'lh wl

dus to stzess (48] 10 poasible that pugps boroan 2005 mught bave expernenced legls Lo

stress dhze o subiptimal nursing, or could bave Beenafected i alers by nuaermal levels of
stress [ 49, partially explaining the arnusually high nomber of abartions recorded at 5B a1 the
beginning of May 2005, prior 40 the breeding season funpublished datal Forthermaere, pups
b an SRA i 2004 and 2005 had aliost nine fimees more band neatrophils than pups Bein

2002 The presence of these unmiatuze Cells veds w mdecare that the densand For neotes-

=

prhils excreds s sup e Jound no chnical evidence ol malate, and the cther WEC pops

laticans in these pops were within the ranges, 1t is possible that their presence was an early

indication of subclinical inlection [50] Alernatively, the kigh numbers of Band neutrophils
could be wndermatrition, as kas bocn reported for starving juvenile Morthern clephant seals,
Mirounge angustivostris |1 The Pt tha balf of

severe gl 35T even. B hypersegemented aeutrophals swhach are commmaon duning sutnen

pps bozo g 2005, ducig the most

deficierey araemia in human neomates [52], woald appear o sopport this possbslivy,

W hypothesized that if pups were experiencing suboptinal nutrition, immuonoglobulin
syrthesie might be constrained. We fownd evidenoe o soppent this, as the concentration of
Tats and Tod Thut ot [ghd ) was moarkedly Tower in pugs born doring ‘atypacal years. Goven
et prugs Blessd grhzcose levels wore foumd o e altered by the lupl 55T evezis, the abserved pa

tern was exact v as wonld be predocted hecanse class switching of e amd Tga occors via T
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cell deprencent tglucase - dependent) and T-cell independent pathis [55], while Tphd class
switching s Tocell independent [34]

T nutritional and energetic impoverishment impairs pugs body condition and limits glo-
cose-dependent immuneglobulin class switching, other T-cell dependent immune responscs

cotld also be affecned, Indeed, we found that responses to o mtogene challengs were severcly

wzpnnred vndoduals born wnder atvpacal envirenmental conditons. The apparent maluhey

fe 1y insodficient ene

iof these pups o respond to PFHA is e kel pelic reserves, s wis evi
denced |':1_.' the direct association beswesn the n'.':-‘:ni',',l-c.:_' ol the :1-.'|~I|i"!_l| response b PE1A amd
blesod glucose concentration. This means that not enly were the paps that weee Born during
the 55T anomaly Less able to synthesize protective antibodies; they were also limited o theas
alulin ]

stitute evideree that atvpacal chnutic comiditions can eneomber the e

Heese resulls Com

to resgend rapadly o nonspeciie namue chadlenges, Taken wogpethe:

rvees arnd

prelis:

immune competence ol nennakes, thus .,I-L-;r;-.u'n:_- their fifness

Conclusions

The consequences of havine suboprumal musune responses could be devastating o the entire

CRL 200 and 2005 coborts, partculanly fe haghly verelent pathopen were o “enler” the poapu
Latican, Even an ahsence of such a challenge, withiout proper motrtion., pups are likely to be

umahle 1o elicis respaonsgs .Ij_'.li'."k.l |1|1;-:-r'.'.|n'klin |1.|I|'.n|_-;;':1<. and mortalin

il ||_| R I-c\,'l,‘lI Ll e

hagh. W returned to SEA in Febeuary 2006 and found that the entire CSL colony was reduced

by 2 pelabive to the previcus year doring the same dates (otal Cout: 284 0 2006 ¥, 2555

i 20130, Extremely fow Lve pups were found an the archzpelago (2003 2006 v LERT 03 2005)

anmd st of these that were present were severely emaciated and weak. An unusuzl high mam

ber of carcasses were also recarded, [Es to early @ nnderstand the impacts that the abnarmal
oceanagraphic conditions will have on CSL pups later in their e, but Based on lile-history

theory, ther tiiness would expectedly be poor. Furihermore, as the hugh 557 conditions

cacompassed T northeastern Macitic, the eatire USL popolation could De anpacted, as las
been reported Ferother pizmpeds during, pase L S evens [10]

Ty conne ||I'GZI'|II. wre have shown that .!I'il'l1|1'. and u I'.l"‘\-CI"l.'-;'ll'lI ervaranmenial .'II.'_I12:I'.'G an

attect ke physiolegical companents. The

to The Blob and Bl Nigho are unlikely to b lmiced o the CSL0 the entire noertheastern Pacitic

served eftects of the abnormally high 557 linked

cecavelein could potentially be voulnerable. Under the current climatee scemann, svslematic sor-
vews wilhan Ui regions would be mvaluable v determine the full soope ol effects and isess

their wader and loang werm conseguences

Suppaorting infarmatian

A1 Table, Beference values of tetal and ditferential white Blood cell {PWECT counts from
clanically healthy Californmm sea lon, Zalophes callforniamis, pups born in 2002 af Greantae
Tslamd in the Gull of Calilornia. | d
each cell tepe for pugs bornin 2004 and 2005 2 the San Benite Archipelago
PIF]

e Baahale alsgy shuwas the mean and stasdard devation of

2 Table, Beference values of blood chemistry pavametcers from clinically healthy Califor-
o s o, Zalophas californignus, pups boro i 2002 at Ceeanito Dsband i the Coold of Cal-

tarula

ilornii. Uhe 1able also shows the mcar
in 2004 and 2005

(NI

Delewiation: aleack cell vype for pups horn

at san Benito Arc I'i|\:'|.'||L_-|.'-
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S0 File, Diata wsedd for the analyses presented in thas paper.
[PTIF)

52 File, More detailed description of methaods nsed,
[PTF)
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ARTICULO 1l

En esta seccidn se presenta el tercer articulo derivado de la tesis, con
titulo “Early hematological changes of free-living California sea lion pups
(Zalophus californianus) as indicators of development, nutrition and

health status”, que esta en revisién en Journal of Wildlife Diseases.
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CONCLUSIONES

Las células de la sangre participan en funciones vitales para el
organismo, por lo que variaciones en el estado de salud, alimentacién, y
desarrollo pueden son reflejados en los elementos figurados de la
sangre. Sin embargo, es importante contar con valores de referencia
que permitan identificar alteraciones en cada componente celular
hemético.

Para el lobo marino de California, antes de la realizacién de este trabajo,
no existian valores hematoldgicos de crias en vida libre, por lo que se
solian utilizar parametros publicados para animales mantenidos en
cautiverio o en rehabilitacion, y por lo general se tomaban como
referencia los valores de animales de mayor edad. En esta tesis se
lograron establecer los valores de referencia para crias de lobo marino
de California de vida libre a diferentes etapas de su primer ano de vida,
lo que fue esencial para identificar alteraciones en el estado de salud de
los individuos. Durante el analisis de los valores hematoldgicos a lo largo
del primer afio de vida de las crias se pudo describir por primera vez en
esta especie anemias fisioldgicas; proceso que estd bien documentado
en humanos y animales domésticos. Aunque este tipo de procesos
fisioldgicos son resueltos por el individuo, puede indicar un momento
critico en el desarrollo de las crias que de no tener los elementos
nutricionales adecuados pueden dificultar la resoluciéon de dicho
proceso.

También se observé que durante eventos climaticos atipicos y severos,
como los ocurridos durante La Mancha y ENSO durante 2015, la
modificacién de los patrones de alimentacién de las hembras adultas
impacta a la fisiologia sanguinea e inmune. Lo anterior significa que si
las estrategias de alimentacién de las hembras adultas son subéptimas
entonces las crias tienen menos recursos energéticos para su desarrollo,

por lo que procesos fisiolégicos relevantes para las crias, como la
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sintesis y maduracidn de eritrocitos, esencial para una especie que
bucea y la capacidad de respuesta inmune ante cualquier patégeno son
impactados, probablemente con consecuencias severas para la
poblacién.

Especificamente se encontré que la prevalencia e intensidad de cambios
morfoldgicos de los eritrocitos asociados con deficiencias nutricionales
fueron mayores en crias en afos andmalos con respecto a afos con
condiciones ambientales normales, ademas de que estas morfologias
atipicas estuvieron influenciadas por la condicién corporal y por las
estrategias alimenticias de la madre. Ademas del impacto sobre los
eritrocitos también se observé que durante afios atipicos las crias
exhibieron una menor condiciéon corporal, una menor sintesis de
inmunoglobulinas, asi como una menor capacidad para responder de
manera inespecifica ante desafios inmunes. Esta es la primera vez que
se estudia a detalle la morfologia eritrocitaria de un mamifero marino, y
gue se demuestra que las morfologias atipicas, ademas de la restriccion
alimentaria que afecta las respuestas inmunes, estan relacionadas con
un evento climatico. En el contexto de los cambios ambientales a los
gue se enfrenta el planeta, los resultados derivados de la tesis son
importantes como evidencia de los efectos detrimentales del cambio
climatico.
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