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Abstract

Global warming, and its consequences, constitute one of the main stressors for organisms worldwide, affecting different
factors such as the geographic distribution and the abundance of parasites, which in turn can affect the immune system of
their hosts, and vice versa. Therefore, it is important to have baseline information on immune parameters of organisms in
order to make future comparisons within this changing ecological context. Here, we report on the leukocyte counts of the
Antarctic pack ice seals, the crabeater (Lobodon carcinophaga), Weddell (Leptonychotes weddellii) and leopard (Hydrurga
leptonyx) seals, sampled off the western Antarctic Peninsula. We captured and sampled seals in the pack ice off the Danco
Coast, Antarctica in the austral summers, January to March, of 2015 and 2016. The leukocyte counts, along with the counts
of each different leukocyte (e.g., basophil, neutrophil, eosinophil, lymphocyte and monocyte), were made from blood smears
viewed under the light microscope. As a potential stress indicator, we examined whether seals with lice, so presumably under
greater physiological stress, had changes in leukocyte counts, including higher ratios of neutrophil-to-lymphocytes (N/L
ratio). Leukocyte counts were different among the seal species. While crabeater and Weddell seals had higher neutrophil
counts, followed by lymphocyte counts, leopard seals had the reverse pattern. Basophil, eosinophil, and lymphocyte counts
were higher in the leopard seal, while the N/L ratio, as well as the neutrophil counts, were higher for the crabeater seal. We
show, for the Weddell seal, that the animals with lice were more likely to have higher N/L ratios. This suggests that future
research into the potential of the N/L index as a stress indicator, that incorporates additional stress parameters including
cortisol concentrations, oxidative damage, as well as other measures of immune function, is warranted for the pack ice seals.
Our results are a first step towards establishing leukocyte count baselines for the Antarctic pack ice seals off the western
Antarctic Peninsula.
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The study of immune function has acquired greater impor-
tance for understanding the life histories of organisms
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immune system depending on energetic resources available
(Norris and Evans 2000). Different factors and environmen-
tal conditions can cause an animal to reallocate resources to
other systems, and so away from the immune system (Davis
et al. 2008); for example, when there are changes in body
condition (Castellini et al. 1993; Brock et al. 2013), geogra-
phy (Cammen et al. 2011), breeding status (Deerenberg et al.
1997), or the presence of pathogens, parasites (Mos et al.
2006), or contaminants (de Swart et al. 1996).
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Cellular immunity, although only one component of
an organisms’ immune system, is the first line of immune
defence. Cellular immunity is an easily monitored immune
parameter, assessed by the number of white blood cells,
also called leukocytes (Roitt et al. 2001). Leukocytes can
be divided in to neutrophils, eosinophils, basophils, and
monocytes. Leukocytes function through phagocytosis (i.e.,
engulf and ingest) pathogens (Roitt et al. 2001) but the neu-
trophils are the primary phagocytic leukocytes. Neutrophils
are of the most abundant circulating leukocyte and play a
fundamental role in the innate immune response (Nathan
2006). Eosinophils are involved in the defence against para-
sites, particularly gastrointestinal parasites, and allergic
reactions. Basophils are associated with the defence against
parasitic infections and allergens (Yamanishi et al. 2017).
Monocytes are the largest of the leukocytes and play the
role of phagocytosis of foreign organisms (Roitt et al. 2001).

Lymphocytes belong to the acquired immunity and tend
to be pathogen-specific (Roitt et al. 2001). Lymphocytes are
involved in a variety of immunological functions such as the
production of immunoglobulins and modulation of immune
defence (Campbell 1995). Although leukocytes make up
the first line of the immune defence against infections or
diseases in vertebrates, they are also produced in response
to several stress-induced conditions (Davis et al. 2008). In
fact, it has been proposed that a change in leukocyte profiles,
specifically the ratio of neutrophils-to-lymphocytes (N/L),
could be used as an index to identify that an individual is
experiencing greater physiological stress (Davis et al. 2008).
This is because during periods of stress, such as poor feeding
conditions, severe climate change or other novel situations,
an individual can reallocate resources to the immune system
leading to increased numbers of neutrophils relative to the
number of lymphocytes (e.g., higher N/L ratio). Therefore,
N/L ratios may be an early-warning signal to identify verte-
brate populations that are under stress.

Currently, global warming and its consequences for envi-
ronmental change constitute one of the main stressors for
organisms worldwide. These environmental changes may
affect the geographical distribution, abundance, and viru-
lence of parasites and diseases, which in turn can have an
effect on the immune system of organisms (Harvell et al.
2002). Therefore, it is important to have baseline informa-
tion on immune parameters of organisms in order to make
future comparisons in this changing ecological context.

The western Antarctic Peninsula (wAP) has been signifi-
cantly affected by climatic changes illustrated by a greater
frequency of strong winds that, since the late 1990s, have
resulted in cyclonic conditions north of the Peninsula
(Turner et al. 2016). These changes have amplified the
warming of the sea surface of the wAP region over the last
60-100 years (Turner et al. 2016) which has resulted in the
loss of sea ice habitat (Stammerjohn et al. 2008), critical
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habitat for the Antarctic fauna as well as important fishing
grounds (Forcada et al. 2012; Meade et al. 2015).

Pinnipeds, as top predators and sea-ice dependent spe-
cies, have been particularly impacted (Siniff et al. 2008).
There are four Antarctic pinnipeds that are directly associ-
ated with the sea ice, and consequently, vulnerable to the
warming in this region (Siniff et al. 2008; Forcada et al.
2012; Meade et al. 2015): the crabeater seal (Lobodon car-
cinophaga); Weddell seal (Leptonychotes wedellii); leopard
seal (Hydrurga leptonyx); and the Ross seal (Ommatophoca
rossii). The loss of sea ice reduces the suitable habitat for
breeding, resting and/or protection from predators, for the
pack-ice seals (Siniff et al. 2008; Costa et al. 2010; Forcada
et al. 2012; Rogers et al. 2013; Meade et al. 2015), increas-
ing also the distance to foraging grounds (Burns et al. 2004;
Southwell et al. 2005, 2012; Forcada et al. 2012). The mag-
nitude of impact upon each of the pack ice seal species is
likely to be different (Siniff et al. 2008). For instance, the
species that depend on sea ice for most, or at least criti-
cal periods of their life history, and/or those that are krill-
specialist, should be more affected than species with fewer
habitat requirements and/or a wider prey spectrum (Siniff
et al. 2008).

It has been proposed that the crabeater seal would be the
species most impacted by climate change-related alterations.
Crabeater seals are ice-dependent and their diet is almost
exclusively composed of Antarctic krill. Weddell seals are
also an ice-obligated species, but its diet includes fishes
and squids (Siniff et al. 2008; Daneri et al. 2012, 2018).
Finally, leopard seal might be less directly influenced by
these changes since they have the ability to adapt and use
different ice floe types and that they exploit a wider range
of prey, from krill, cephalopods, fish, seabirds, seals and fur
seals (Siniff and Stone 1985; Rogers and Bryden 1995; Hall-
Aspland and Rogers 2004; Krause et al. 2015).

The wAP pack ice seals have the highest density popula-
tions within the circumpolar Antarctic sea ice (Forcada et al.
2012; Southwell et al. 2012; Rogers et al. 2013). Not only is
the wAP region experiencing great environmental changes,
this area also supports an important fishery (Forcada et al.
2012). Fishing has the potential to cause additional stress
on the prey base of the wAP pack ice seals (Forcada et al.
2012). Thus, the need to monitor the health of the wAP
seal populations would be valuable. Different parameters
have been examined, including monitoring serum proteins
(Gray et al. 2005), as well as haematological parameters
(Gray et al. 2009; Yochem et al. 2009), such as the leukocyte
counts (Davis et al. 2008; Gray et al. 2009; Yochem et al.
2009). As leukocytes offer protection against a variety of
stressors they could be useful as a proxy to monitor physi-
ological stress (Maceda-Veiga et al. 2015).

We report here on the leukocyte counts of three sympatric
Antarctic pinnipeds, the Weddell, leopard and crabeater seal.
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We examine whether seal sex, body condition, moult state or
lice loads influenced basophil, neutrophil, eosinophil, lym-
phocyte, and monocyte counts.

Materials and methods
Study area

The study area, the sea ice off the Danco Coast, western
Antarctic Peninsula, extended from Cape Herschell to
Spring Point (Fig. 1) and included the Antarctic Specially
Protected Area (ASPA) No. 134 “Cierva Point” (64°09'23"S,
60°57'17"W). The study was conducted over two austral
summers, from January to March of 2015 and 2016. Seals
were accessed on ice floes in the pack ice off the coast,
whereas Weddell seals were also captured on beaches.

Sample collection

A total of 65 seals (27 Weddell, 11 leopard and 27 crabeater
seals) were sedated for sample collection (Table 1). The
animals were chemically sedated using Tiletamine/Zolaz-
epam 1:1 (1.3 mg/kg) following procedures outlined in Hig-
gins et al. (2002). Twenty (20) ml of blood was collected
from the extradural intra-vertebral vein in the lower lumbar
region using an 18 Gx31/2" spinal needle following the
method described by Geraci and Smith (1975). The sex,
cohort (juvenile or adult), moult state (moult complete or
not) were determined by visual inspection. Standard length,
measured as the straight-line from snout-to-tail, and axil-
lary girth, measured around the seal behind the fore flip-
pers, were measured to the nearest cm while the seal lay in
ventral recumbency. Seals were weighed using digital scales
while held suspended, in a sling, from a metal tripod. To
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Table 1 Sample size of individuals sampled in the pack ice off Danco
Coast, western Antarctic Peninsula by seal species (crabeater seal,
Lobodon carcinophaga; leopard seal, Hydrurga leptonyx; Weddell
seal, Leptonychotes wedellii), seal sex, year sampled, age class and
body condition

Crabeater seal Leopard seal ~ Weddell seal
N
Females 14 2 16
Males 12 9 11
2014-2015 21 11 17
2015-2016 5 0 10
Age class
Juveniles 11 1 7
Adults 15 10 29
Body condition -037+£071 —-054+090 0.59+0.95
(mean =+ standard
error)

estimate lice load, we used the standard technique developed
for procedures where only a brief-time of manipulation was
available (e.g., here constrained by sedation window), such
that all lice were collected, using forceps to be later counted,
from the hind flippers, along with a visual inspection of the
entire body (Thompson et al. 1998).

Sample processing

Thin blood smears were prepared in the field at time of sam-
pling. A drop of fresh blood, directly from the syringe, was
placed and spread on the slide. It was air-dried and fixed
for 3 min with 93% ethanol. Blood smears were stained in
the laboratory within 5 h using Tincién 15 (Biopur S.R.L.,
Rosario, Argentina). Leukocyte counts were performed
using the light microscope, where monolayer fields with
similar densities of erythrocytes were scanned (~ 200 eryth-
rocytes per field) (Campbell 1995; Lobato et al. 2005). To
estimate relative leukocyte counts, per 10,000 erythrocytes,
we followed the procedure described by Lobato et al. (2005),
where we counted all erythrocytes in a single microscopic
visual field and multiplied this by the number of the micro-
scopic visual fields (~ 50) scanned, until 100 leukocytes had
been reached. The proportion of each of the leukocytes was
calculated from a subsample of 100 leukocytes in 1000 x
(oil immersion) and classified into basophils, neutrophils,
eosinophils, lymphocytes, and monocytes (Campbell 1995).
The neutrophil-to-lymphocyte ratio (N/L) was calculated as
the ratio of neutrophil to lymphocyte counts. To assess the
repeatability of the leukocyte counts, eight smears were
selected randomly for each of the three seal species. For
each species three leukocyte counts were made by the same
observer, for each of the eight blood smears. Repeatability
values were calculated following Lessells and Boag (1987)
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for leukocyte, neutrophil, eosinophil, lymphocyte and mono-
cyte counts, and values fell between 74 and 98%. Repeat-
ability values were not calculated for the basophil counts
because the data was zero-inflated, i.e., there were too many
zeros in the matrix.

Statistical analysis

Data were statistically described and compared among the
three species using the nonparametric Kruskal-Wallis H test
and nonparametric multiple comparisons (Sokal and Rohlf
2012). We used Spearman rank correlations to test whether
leukocyte counts were related to a seals’ body condition.
Body condition was calculated as the residual of the regres-
sion between body mass (kg) and standard length (cm),
where positive values indicate good body condition (see
details in Arnould 1995; van den Hoff et al. 2006).

To establish whether leukocyte counts were influenced
by various factors we performed a series of multiple linear
regressions with backward stepwise selection to identify
model of best fit. We retained factors significant at p <0.05
and models at > 0.1. For the Weddell and crabeater seals,
the following factors were included: sex, age (juvenile/
adult), moult (moulting/not moulting), body condition and
presence of lice (present or absent). However, due to sample
size constraints, only the factors body condition, moult and
lice burden were included for the leopard seal (Table 1). All
analyses were performed using STATISTICA version 7.0
and significance is reported using an alpha of 0.05.

Results

Neutrophils and lymphocytes were the most abundant leu-
kocytes for all three species (Table 2). For Weddell seals,
neutrophils, and then lymphocytes, were the most abundant
leukocytes (Table 2). The presence of lice was a positive
predictor of lymphocyte counts per 10,000 erythrocytes,
such that Weddell seals with lice (Antarctophthirus carli-
nii) had higher lymphocyte counts (Table 3). There was no
relationship between body condition and the presence of lice
(Table 3). Neither the seals’ sex, age, body condition or stage
of moult had an influence on leukocyte counts per 10,000
erythrocytes (Table 3).

For leopard seals, lymphocytes and then neutrophils
were the most abundant leukocyte. The presence of lice
was a positive predictor of neutrophil and basophil counts,
seals with lice had higher basophil and neutrophil counts
per 10,000 erythrocytes (Table 3). Leopard seal body con-
dition was positively correlated with N/L ratios (Spear-
man rank correlation, r=0.41, n=11, p=0.0050). Leop-
ard seals had the highest basophil (Kruskal-Wallis test,
H 65y=9.8, p=0.0210) and eosinophil (Kruskal-Wallis
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Table 3 Summary of models of best fit explaining variation in leukocyte counts of Antarctic pack ice seals sampled off the Danco Coast, west-

ern Antarctic Peninsula

Seal species  Response  Intercept Year Sex Age Lice Body condition  7? P Df. F
variable

Crabeater tLC —17,733,772.55  8803.92 - - - - 0.580 0.000 22 29.007
tB —42,062,033.49 20,875.22 - - - - 0459 0.000 22 17.812
tE —88,221,533.25  43,792.39 - - - - 0208 0.016 22 6.791
tN —742,053,274.4  368,442.66 — - - - 0407 0.001 22 14.429
tL —823,190,474.3  408,642.24 - - - - 0.666 0.000 22 41.855
t™M —96,244,109.46  47,764.61 - - - —13,421.16 0.669 0.000 22 20.192

Leopard tB 13,726.00 NI - - 48,774.00 - 0.561 0.008 10 11.499
tN 297,056.2 NI - - 377,943.80 - 0.445 0.025 10 7.209

Weddell tL 300,406.00 NI - - 12,764.31 - 0.221 0.018 24 6.530

Factors include: sex; age (juvenile or adult); body condition,

estimated as the residual of the regression of seal body mass (kg) and standard

length (cm); lice, the presence or absence of lice; and year, the year samples had been collected. Response variables include: leukocyte counts
(tLC), basophil counts (tB), eosinophil counts (tE), neutrophil counts (tN), lymphocyte counts (tL) and monocyte counts (tM). NI, indicates that
factors are not included. Models are listed in decreasing order of importance

Conversely, increased glucocorticoids stimulate neutrophil
redistribution from bone marrow into the blood stream,
resulting in an increase in the neutrophil count (Bishop et al.
1968). The population of Weddell seals on the western Ant-
arctic Peninsula that were studied here (~ 64°09'S) are within
the northerly range for this species. We found that they had
higher neutrophil counts, followed by lymphocyte counts,
a pattern shown in southern Weddell seals at McMurdo
Sound (~77°50'S) (Yochem et al. 2009). Higher proportions
of neutrophils followed by lymphocytes are also reported
for captive northern phocid seals, the harp seal (Pagophilus
groenlandicus), harbour seal (Phoca vitulina), and ringed
seal (Pusa hispida) (Engelhardt 1979).

Leopard seal

The leopard seals with lice had higher proportions of
basophils, but there was no relationship with eosinophils.
Although basophils have been shown to be involved in par-
asite defence, as mentioned, it is the eosinophils that are
usually the most important leukocyte in the host-defence
against parasites (Yamanishi et al. 2017). Our study was
conducted on animals off the northern wAP, and represents
the northern Antarctic range for the leopard seal (64°09'S).
An earlier study examined haematological parameters of
a more southerly population (Davis Sea, 68°34'S), as well
as vagrant animals, considered to be clinically ‘sick’, sam-
pled well north of the Antarctic pack ice (33°51'S) off the
Australian coastline (Gray et al. 2005). Haematological
parameters can vary between populations, however, as
the earlier study used different methodology we cannot
compare leukocyte counts directly. The wAP leopard seals
had lower proportions of neutrophils (mean=43.3%). As
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neutrophil numbers increase with stress (Bishop et al.
1968), it was unsurprising that the wAP seals had lower
neutrophil proportions than the ‘sick’ seals (mean=69%;
SD =55-83%; Gray et al. 2009); however, it was interest-
ing that they also had lower proportions than the southern
population (mean=159.2% SD =55.6-63.0%; Gray et al.
2009). An increase in stress is linked with lower lympho-
cyte counts (Bishop et al. 1968) so it was unsurprising
that the wAP leopard seals had higher proportions of lym-
phocytes (mean=48.3%) compared to the ‘sick’ vagrant
leopard seals (mean=20%; SD=9.5-31.9%; Gray et al.
2009), but they also had higher proportions than the south-
ern population (mean=16.6%; SD=11.3-21.9%; Gray
et al. 2009). Overall, the haematological parameters of
the wAP leopard seals, the lower proportions of neutro-
phils, higher proportions of lymphocytes and therefore a
lower neutrophil-to-lymphocyte ratio, may suggest that the
wAP pack ice environment is more favourable for leopard
seals than the Davis Sea. In fact, the pack ice off the wAP
supports the highest densities of leopard seals recorded
(Forcada et al. 2012), much higher than in the Davis Sea
(Rogers and Bryden 1997; Southwell et al. 2008; Rogers
et al. 2013). The wAP leopard seals had similar propor-
tions of basophils (mean=1.9%) to the southern popula-
tion (mean=2.12%; SD =1.42-3.16%; Gray et al. 2009)
although the ‘sick’ leopard seals had extremely low pro-
portions of basophils (mean=0.05%; SD =0-0.27%; Gray
et al. 2009). Yet the wAP leopard seals had lower pro-
portions of eosinophils (mean=4.2%) than the southern
seals (mean=16.5%; SD =13.9-19.6%; Gray et al. 2009)
which were within a similar range to the ‘sick’ seals
(mean=1.2%; SD =0-4.6%; Gray et al. 2009).
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Crabeater seal

Crabeater seals with lice were in poorer body condition;
however, we found no relationship between the presence
of lice and eosinophils or basophils, leukocytes typically
associated with parasitic infections. The neutrophil-to-lym-
phocyte ratios of the crabeater seals were higher than the
other seal species. All leukocyte counts were influenced by
the year that the samples had been collected; however, this
may be an artefact of unbalanced sampling as there were 21
samples in 2015 and only five in 2016.

Neutrophil-to-lymphocyte ratios to monitor wildlife
health

Monitoring neutrophil-to-lymphocyte ratios could be a valu-
able approach to monitor wildlife health of populations in
remote and/or difficult sites to access, such as in our study
here in the Antarctic, where access to the animals and sam-
pling procedures are limited by logistic constraints and cli-
matic conditions. Lice burden may be a potential trait to
examine physiological stress on wild pack ice seals. Pin-
nipeds are typically infested with the sucking lice of the
family Echinophthiriidae. Although sucking lice are usually
considered harmless, they can cause skin damage inducing
the production of phagocytic cells (Allen 1994). Thompson
et al. (1998) reported that although there was no difference
between the leukocyte counts of lice-parasitized and non-
parasitized common seals (Phoca vitulina), they had found a
relationship between the haematological parameters of lice-
parasitized seals and body condition. Animals in poorer con-
dition had reduced haemoglobin concentration, haematocrit,
as well as lower numbers of erythrocytes, suggesting that
lice infestation indirectly influenced diving ability (Thomp-
son et al. 1998). Although infestations of the suckling louse,
Antarctophthirus microchir, had little direct influence on the
haematological parameters of Australian sea lion, Neophoca
cinerea, pups, these animals had high endemic hookworm,
Uncinaria sanguinis, infections (Marcus et al. 2015). In fur-
ther studies, increasing the number of seals that had high lice
burdens, and quantifying the number of lice would permit us
to elucidate possible further links between haematological
parameters and seal health. In addition, incorporating stress
parameters (e.g., such as cortisol levels, oxidative damage,
as well as other measures of immune function), alongside
with haematological parameters would be warranted.

Seal sex and moult stage

The absence of significant differences in the haematologi-
cal parameters with seal sex and moult stage was not unex-
pected, in fact this supports previous findings reported for
pinnipeds, including studies on more southern populations

of the leopard seal (Gray et al. 2009) and Weddell seal
(Yochem et al. 2009), as well as other phocid seal species:
the harp seal (Vallyathan et al. 1969); gray seal, Halichoerus
grypus (Hall 1998); and the southern elephant seal, Mir-
ounga leonina (Lane et al. 1972) and northern elephant seal,
Mirounga angustirostris (Goldstein et al. 1998).

We report on the haematology parameters of predomi-
nantly adult populations of three sympatric Antarctic pack
ice seals, the Weddell, leopard and crabeater seal. These
results represent circulating leukocyte values (Davis et al.
2008); leukocytes can be stored in the body to be released,
or redistributed in response to stressors or infectious agents
(Davis et al. 2008). We had access to limited haematologi-
cal parameters; however, in further research it would ideal
to include broader parameters, such as, packed cell volume
(PCV), erythrocyte count, haemoglobin concentration,
haematocrit, red cell distribution width (RDW), mean plate-
let volume (MPV) and platelet distribution width (PDW).
Here we explore approaches to monitor the health of these
ice-dependent seals at the northern range of their distribu-
tion, the western Antarctic Peninsula. This region is under-
going unprecedented environmental change; it is vulnerable
to ongoing warming, as well as increased fishery and tour-
ism pressure.
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