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Abstract

In the context of environmental change, determining the causes underpinning unusual mortality events of vertebrate species
is a crucial conservation goal. This is particularly true for polar and sub-polar colonial seabirds, often immunologically
naive to new and emerging diseases. Here, we investigate the patterns of black-browed albatross (Thalassarche melanophris)
chick mortality events unrelated to predation recorded between the 2004/05 and 2019/2020 breeding seasons in four colonies
across the species range in the Falklands. The prevalence of these mortality events was highly variable across years, causing
the death of between 3 and 40% of all chicks in the studied plots. With few exceptions, mortality was patchily distributed.
Using clustering methodologies, we identified the spatio-temporal mortality clusters based on the nest locations and chick
death date. Using generalised linear models and generalised additive mixed-effects models we found that chicks nearer the
first mortality event were predicted to die before those in more distant nests. The probability of death increased with age and
was highest for chicks close to nests where a chick had died previously. Our findings, along with the symptoms consistently
exhibited by most deceased chicks in the study, strongly suggest the prevalence of a widespread infectious disease, potentially
with a common aetiology, both in areas with regular and with very rare human presence. Understanding the causes driving
these disease-related mortality events, which seem different from the outbreaks documented in the literature, is a conservation
priority for the Falklands black-browed albatross population, which comprises over 70% of the species global population.
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Introduction Monaghan 1996), consuming every year an overall biomass

of the same order of magnitude of global fisheries (Cury

Seabirds are top-predators playing a key role in the marine
ecosystems worldwide. They are health indicators of their
prey populations and of the whole food chain (Cairns 1988;
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et al. 2011). Of all avian groups, seabirds are among the
most threatened, with 31% of all species globally threat-
ened, a further 11% near threatened and 47% of the spe-
cies showing declining population trends (Dias et al. 2019).
Major threats underlying the observed declines are fishery
bycatch, invasive alien species, the current and predicted
effects of climate change and the outbreaks of infectious
diseases (Dias et al. 2019). In fact, due to their colonial and
philopatric behavioural traits, seabirds are among the animal
groups most susceptible to disease and parasitic infections
(Cairns 1992; Uhart et al. 2018).

Albatrosses (family Diomedeidae) are one of the most
rapidly declining seabird groups. With the exception of the
black-browed albatross (Thalassarche melanophris, here-
after BBA), all albatross species are currently listed as
threatened or near threatened, with ongoing dramatic pop-
ulation declines documented in several populations (Bird-
life International 2018a). The BBA is in the category of
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"Least Concern" as classified by the IUCN (Birdlife Inter-
national 2018b) due to recent increases in population sizes
in the Falkland Islands and in Chile. The Falkland Islands
contain most of the world BBA breeding population (over
70%), concentrated in 12 colonies (Wolfaardt 2013).
BBA are long-lived and extremely philopatric birds, with
pairs nesting in the same area of a given sub-colony year
after year (usually re-occupying the same nest). They lay
clutches of one egg per year (in the beginning of October)
with the hatching period occurring during the last three
weeks of December. The chick is guarded by one parent
(brooding period) for 11-33 days (Catry et al. 2010), and
then stays alone in the nest until fledging, which occurs at
around 116 days of age (Tickell 2000).

During a longitudinal demographic study on BBA tak-
ing place on New Island, West Falklands (Catry et al.
2011), the BBA study cohort survival and breeding suc-
cess were monitored since the research began in 2003/04,
and nestling mortality episodes have been noted annually
during the brooding period. Besides mortality events asso-
ciated to predation by Falkland skuas (Catharacta ant-
arctica antarctica) or striated caracaras (Phalcoboenus
australis), across the different years a variable proportion
of nestlings were found dead in the nest, in most cases still
guarded by one adult. Suggestive anecdotal records dur-
ing the brooding period were made a few decades before
by Tickell and Pinder (1975), which described the events
of chick mortality not related to predation as “virus-like
infections”, occurring from “time to time” in the BBA
colonies in the Falklands. Yet, such events have never been
quantitatively described in any detail.
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In this research, we investigate the spatial and temporal
patterns of mortality not caused by predation in BBA chicks
across multiple study seasons and in multiple colonies. In
particular, the objectives of this paper are to:

(1) Describe the variability of BBA nestling mortality
events across multiple breeding seasons and in different
colonies, and investigate their spatio-temporal patterns.

(2) Uncover whether these events are clustered in space and
time and quantify the main variables determining their
occurrence.

Materials and methods
Study area and study species

Fieldwork was conducted mainly at the Settlement rookery
(51°43'S,61° 17" W), New Island (Fig. 1), where an ongo-
ing longitudinal monitoring programme has been carried
out since the Austral summers of 2003/04. In this study,
we analyse data from the 2004/05 to 2009/10, 2018/19 and
2019/20 breeding seasons, when the daily monitoring cov-
ered the whole duration of brooding. BBA nest colonially
both on coastal cliffs and on clearings amongst tussock grass
Poa flabellata. Approximately 14,500 BBA pairs breed on
New Island, of which more than 1500 nest in the Settle-
ment rookery (Wolfaardt 2013). Complementary work was
done at: Steeple Jason (51° 19’ S, 61° 13’ W) during the
2011/12 breeding season; Beauchene (52° 54’ S, 59° 10" W)
and Bird Island (52° 10" S, 60° 55’ W), during the 2015/16
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Fig. 1 a Map of the southwest Atlantic Ocean, with the rectangle indicating the location of the Falkland Islands. b Finer-scale map showing the
locations of our study sites (the colonies of Steeple Jason, New Island, Bird Island and Beauchene, indicated by red dots) in the Falkland Islands
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season (Fig. 1). Steeple Jason and Beauchene are the largest
BBA colonies in the world, with approximately 200,000 and
140,000 breeding pairs, respectively. All three sites, particu-
larly Beauchene, are uninhabited and experience a very lim-
ited anthropogenic disturbance. Beauchene and Bird Island
have never had any farming or grazing, or any introduced
mammals, with human utilization being restricted to short
trips to capture seals and penguins, mostly in the eighteenth
and nineteenth centuries.

Breeding success and chick survival

On New Island, we studied three BBA sub-colonies (A, B
and C) where all nests are individually marked (148-215
nests altogether annually between 2004/05-2019/20: 34-52
in sub-colony A; 33—44 in B; and 74-119 in C). Each sub-
colony is located ca. 80 m from the other two. The status of
the nest contents was verified on a daily basis for all nests
from the date of laying, through the hatching period (mid-
December) and until the end of the brooding period (Janu-
ary), and then weekly until the end of February. A chick
alive by the end of February was considered fledged, as mor-
tality (all factors combined, including predation) after this
period is typically very low. Albatross chicks were weighed
when 58 and 60 days old (for the analyses we used an esti-
mate of the mass at 59 days old, calculated as the mean value
between the 58 and 60 days measurements) to produce an
indicator of annual food availability (Cairns 1992; Lyons and
Roby 2011). On Steeple Jason, Beauchene and Bird Island,
linear transects were established crossing breeding colonies,
scattered all over the island, and contents of all nests (empty
or with a live or dead chick) within ca. 1.5 m from each
transect were sequentially noted down. On Steeple Jason,
the work took place on the 25th of December 2011 and 2nd
of January 2012; on Beauchene on the 5th of January 2016;
on Bird Island on the 3rd of January 2016.

Mortality in the nest

We restricted the study of chick mortality to the brooding
period because after the chick is left alone for the first time,
the causes of mortality are difficult or impossible to deter-
mine as predation or scavenging might follow quickly. When
daily monitoring the nests, we took note of whether a chick
was visibly weak or showed any symptoms of ill-health and,
whenever a chick was found dead in the nest, the possible
causes were investigated. If a chick was not found in the nest,
the mortality was attributed to predation events. While this
conservative approach is likely to underestimate the number
of chicks dying due to causes other than predation, it ensures
that the cases recorded as unrelated to predation were clas-
sified correctly.

We used binomial generalised linear models (GLMs)
to test whether the variability in the proportion of chicks
dead in each sub-colony was captured by the following
explanatory variables: sub-colonies, years and the inter-
action between the two. Using negative binomial GLMs,
we investigated whether the variability in age at death was
explained by sub-colonies, years and their interaction. For
both modelling approaches, the best models were selected
based on AIC (Akaike 1998).

Spatio-temporal aggregation of mortality

The mortality events taken into consideration in the follow-
ing analyses are those not caused by predation. To have a
minimum number of death cases ensuring statistical power,
we carried out fine-scale spatial and spatio-temporal analy-
ses in years where, within a sub-colony, at least 20% of the
chicks died of causes other than predation (Fig. 2a).

Between the 2003/04 and 2008/09 seasons, all nests of
the three sub-colonies studied in New Island were mapped
as a lattice by measuring the distance between the centre
of each nest and several neighbours (to the nearest 5 cm).
All sub-colonies lye in a relatively flat area (albeit slightly
inclined) and their overall size is less than 25 m in diam-
eter, so spatial deformations were overall very small. For
those seasons, we investigated whether the deaths in our
sub-colonies were spatially autocorrelated using Moran’s /
(Moran 1950), testing the null hypothesis that each case was
spatially independent from each other. Moran’s I statistical
significance (at 0.05 p value) was assessed by a Monte Carlo
test using 1000 simulations. On Steeple Jason, Beauchene
and Bird Island, we used the Wald-Wolfowitz Runs Test for
Randomness to check whether the chicks observed dead in
the nests occurred in clusters along the transects.

To analyse the spatio-temporal structure of the mortal-
ity events, we used cluster and network analysis. Between
2003/04 and 2008/09 (for which explicit spatial data was
available), the existence of spatio-temporal clustering was
assessed in each sub-colony and year using Gaussian-mix-
ture models (GMMs) and an ad-hoc epidemiological net-
work-based analysis (Cori et al. 2018). To undertake the
GMMs clustering, we extracted each observation’s spatial
coordinates and temporal distance since the first mortal-
ity event. We then standardised the variables and clustered
the data using GMMs from the mclust package (Scrucca
et al. 2016) in R (R Core Team 2019). The best model and
the optimal number of clusters were chosen based on BIC
(Schwarz 1978). To perform the network analysis, we com-
puted two euclidean distance matrices between nests, quan-
tifying the spatial and temporal (in metres and days, respec-
tively) distances between dead chicks. The matrices were
used to build a spatial and a temporal network, in which the
nodes represented the nests and the edges length reflected
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Fig.2 a For each year and each sub-colony, the barplot shows the
percentage of chicks that died due to causes other than predation. On
top of each bar, the respective sub-colony sample size is specified. b

the spatial and temporal distance, respectively. The networks
were then trimmed, disconnecting nodes separated by a spa-
tial (5-m) and temporal (7-days) threshold after which the
mortality events were assumed not to be directly connected
to each other. Finally, we identified the spatio-temporal
mortality clusters by overlapping the trimmed networks and
retaining the connections between nodes that were consistent
in both graphs. For each cluster identified by each method-
ology, we calculated the average and maximum spatial and
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Boxplot showing the age (days) at death (median, 0.25 and 0.75 quan-
tile) in each sub-colony, over the study seasons. The black circle rep-
resents the mean and the vertical "whisker" line the range

temporal distance between each mortality case and its four
closest neighbours in that cluster.

Effect of spatial and temporal scale and age of chick
on mortality

Based on the classification yielded by the previous analyti-
cal step, we calculated for each cluster: the temporal lag
between each mortality event and the first mortality event
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in that cluster; and the spatial distance between each nest
with mortality and the nest where the first mortality event
occurred. Using a negative-binomial GLM, we investigated
whether the temporal lag of each case from the first one
(i.e. the temporal progression of the mortality events) was
explained by the spatial distance between them.

Lastly, we focussed our analysis on the events that
occurred in sub-colony C in 2008/09, when approx. 60%
of the chicks died due to causes other than predation. We
investigated whether the probability of a chick dying on the
nest was affected by the nestling age, by the distance from
the closest chick that died and by the interaction between
these two variables. We constructed a dataset in which
the status (0 =alive, 1 =dead) of every nest was recorded
at every sampling occasion—with the sampling occasions
comprising each day that at least one death occurred. For
all chicks, at each sampling occasion, we calculated: the
age on the specific date; and the distance from the clos-
est nest where a chick died previously. After the chick had
died, its status was not recorded in subsequent visits. The
constructed dataset was analysed using binomial-based
generalised additive mixed models (GAMMs), in which the
binary response (alive/dead) was modelled as a function of
age (tested both as linear and as smooth term), distance from
closest mortality and the interaction between the two. To
account for the dependency between observations collected
on the same nestling, each chick was included as random
effect. All explanatory variables entered the model as cubic
regression splines with shrinkage in order to prevent overfit-
ting. The best variables to retain in the GAMM were selected
based on AIC.

Results
Mortality in the nest

Across all breeding seasons, in all BBA colonies in this
study, most chicks that were found dead in the nest (many
still guarded by one adult) consistently showed the follow-
ing symptoms before dying: swollen gape flanges, serous
conjunctival discharge, swollen and purplish coloured
inter-phalangeal joints and a lower carriage of the neck,
with apparent difficulty in lifting the head up. Most of them
were visibly leaner than other chicks of the same age. These
symptoms, which usually resulted in the death of the chick
within ca. a week of their appearance, were mostly observed
when chicks were one to two weeks old. Although not sys-
tematically recorded, we only rarely saw chicks with these
clinical signs after the period of brood-guarding, and seldom
recorded any mortality.

On New Island, mortality events of BBA nestlings not
caused by predation showed a high variability across years,

both in terms of the numbers of deceased chicks and of
the sub-colonies that suffered the highest losses (Fig. 2a).
Overall, pooling the data from all sub-colonies, the levels of
mortality had a variable impact on the breeding success: in
different years, from 3.5 up to 40.4% of all chicks died dur-
ing brooding due to causes unrelated to predation. In seven
instances distributed across six breeding seasons (sub-col-
ony A: 2008/09; sub-colony B: 2004/05, 2005/06, 2006/07,
2018/19, 2019/20; sub-colony C: 2008/09), at least 20% of
all hatched chicks died due to causes other than predation. In
2008/09, as much as 69 of the 81 (i.e. 85%) deceased chicks
in all colonies were not killed by predators (Fig. 2a).

The binomial GLM comprising the interaction between
year and sub-colony was selected based on AIC, indicat-
ing that the mortality levels in different sub-colonies varied
across different years (clearly seen in Fig. 2a). No significant
relationship was found between the annual prevalence of
mortality during brooding and apparent annual availability
of food, indicated by the mean mass of the chicks at 59 days
of age (Pearson’s correlation, rs= —0.074, p=0.94).

The mean age at death (all years and sub-colonies com-
bined) was 10.3 days+5.5 (n=170). The variability in
the age of the chicks found dead in the nest (Fig. 2b) was
explained by the interaction between sub-colony and year
in the negative binomial GLM selected based on AIC, sug-
gesting that the age at death varied in different sub-colonies
across the different study seasons.

The numbers of dead chicks observed along the transects
on Steeple Jason, Beauchene and Bird Island are consider-
able underestimates of chick mortality, as many dead chicks
would have disappeared within a few days of dying. The
transects carried out on Steeple Jason during the 2011/12
season revealed that, overall, 12.5% of all chicks seen were
dead (n=4,554 nests with chicks, alive or dead) and that
61.9% of all nests (n=6,441) contained a live chick. The
transects carried out on Beauchene and Bird Island during
the 2015/16 breeding season showed that 2.8% (n =605
nests with chicks, alive or dead) and 3.2% (n=314) chicks
were dead, respectively. In total, 68.4% (n=_860) and 53.7%
(n=566) of all nests had a live chick in Beauchene and Bird
Island, respectively.

Spatio-temporal aggregation of mortality

The calculated Moran’s [ indicated spatial clustering of
mortality in 2008/09 within sub-colony A (Moran’s I=0.37,
p=0.001) and in sub-colony C (Moran’s /=0.17, p=0.001),
while near-significant clustering was found in 2006/07 in
sub-colony B (Moran’s I=0.10, p=0.066). We found no
clustered pattern in the two other situations, both in (the
much smaller) sub-colony B (in 2004/05: Moran’s /= —0.06,
p=0.594; in 2005/06: Moran’s I= —0.08, p=0.605), likely
due to small sample sizes.
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The results from the Wald-Wolfowitz Runs Test for
Randomness for both Steeple Jason (both months) and
Beauchene showed that nests with dead chicks were spatially
aggregated (p <0.0001 on both occasions) but not on Bird
Island (p =0.657). The distribution of nests with live chicks
was also aggregated (Steeple Jason, p <0.0001; Beauchene,
p<0.001; Bird Island, p <0.0001).

The selected GMMs-based and network-based clusters
were identified (Fig. 3a). The average and maximum spatial
and temporal distance from closest neighbours produced
consistent estimates under the two different methodologies
(Fig. 3b). For the GMMs-based clusters, they were equal to
2.6-3.3 m (average-maximum estimates, respectively) and

(a)

—_
(2)
~

)
o 151
o
©
(&)
C
S 101
S
R
©
©
S 5
o
€
@
|_
0 oo o

5 10 15 20
Spatial distance (m)

Fig.3 a Example of cluster analysis based on Gaussian-mixture
models (GMM) for sub-colony C in 2008/2009. The circles repre-
sent nests with chicks surviving to fledging or that died due to pre-
dation; the rhombuses depict nests that experienced mortality events
not caused by predation, with different colours representing different
clusters. b The average and maximum spatial and temporal distance
between each nest in that cluster and its four closest neighbours, cal-
culated for both GMM and network-based clusters. ¢ and d Results
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4.0-6.5 days, whereas for the network-based clusters, they
were equal to 2.4-3.1 m and 5.0-8.4 days.

Effect of spatial and temporal scale and age of chick
on mortality

In each cluster, regardless of the methodology used for
the cluster classification, the spatial distance between
each nest and the nest where the first chick died was
retained as a significant explanatory variable determining
the temporal progression of the mortality events (GMM-
based: z-value=2.124, df=1, p=0.037; network-based:
z-value=3.156, df=1, p=0.002). In the GMM-based
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of the negative binomial generalised linear model based on the out-
put from GMM-based and network-based clusters, respectively. On
the y-axis, the temporal lag between each mortality event and the
first mortality event in that cluster; on the x-axis, the spatial distance
between each nest with mortality and the nest where the first mor-
tality event occurred. The shaded areas represent the 95% confidence
intervals and the points are the observed data
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(Fig. 3c) and network-based classification (Fig. 3d), nests
more distant from the mortality starting point took longer
to experience mortality events than nests closer to the start-
ing point. More specifically, chicks in nests located 10 m
away from the mortality starting point were predicted to
die ~2.6 and 2.2 days later than chicks that were just 1 m
away, respectively.

In the largest mortality instance recorded in our study
(sub-colony C, 2008/09 breeding season), both chick age
(as linear term) and distance from closest mortality event
(as smooth term), but not their interaction, were retained as
significant explanatory variables affecting the probability of
a chick dying. The probability of dying increased as chicks
became older and was highest for chicks in close proximity
to a nest where a chick had already died (Fig. 4).

Discussion

Variability of nestling mortality

Between the 2003/04 and 2019/20 breeding seasons, we
found variable levels of BBA chick mortality during brood-
ing. In the study plots on New Island, these mortality events

decreased the overall breeding success by a minimum
of 3.5% and a maximum of over 40%, affecting different
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Fig.4 Results of the generalised additive mixed model (GAMM)
for sub-colony C in 2008/09, showing how the probability of death
for a 7-day old chick (i.e. the median age at death in sub-colony C
in 2008/09, chosen for visualisation purposes) is affected by distance
from the closest chick mortality event. The shaded areas are the 95%
confidence intervals

sub-colonies to a variable extent in different years. On Stee-
ple Jason, Beauchene and Bird Island, a minimum of 2.8%
to a maximum of 12.5% of chicks were found dead in the
nest on a single visit (which must be a considerable under-
estimate of the real number of deaths, see “Results”sect.
above). The prevalence of mortality across years did not
correlate with mean chick body mass at 59 days of age, sug-
gesting that the variability in the mortality levels was not
explained by malnutrition and insufficient food. Addition-
ally, the results on clustered mortality patterns do not fit
within malnutrition as a primary cause of death, as in that
case we would expect dead chicks to be evenly distributed
throughout the breeding colonies.

Spatio-temporal aggregation of mortality

On all islands, our results provide evidence of spatial aggre-
gation of mortality. The lack of structuring detected on New
Island in sub-colony B might be due to the small area of the
sub-colony (ca. 150 m”"2, i.e. ~80% and ~40% of the area of
sub-colony A and C, respectively) and to small sample sizes.
On Bird Island, while no spatial clustering was detected for
the chicks found dead on the nest, there was strong evidence
of clustering of live chicks, meaning that the nests not inhab-
ited by live chicks (comprising both dead chicks and empty
nests, many of which might have had dead chicks removed)
were also clustered. In years when more than 20% of the
chicks died for causes unrelated to predation, the finer-scale
analysis of the New Islands study plots revealed further
insight into the patchy structure of the chick mortality events
in space and time. Our results show that, within the identi-
fied clusters, the chicks closer to the first mortality event
were more likely to die before the nestlings more distant to
the mortality starting point. Furthermore, the probability of
a chick dying increased as its age also increased, and was
highest for chicks occupying nests in proximity of a nest
where a chick had died previously.

The potential role of an unidentified infectious
disease

While the identification of the specific agent causing the
described mortality was beyond the scope of this paper, our
results, providing robust evidence of spatio-temporally clus-
tered mortality patterns, are strongly suggestive of and are
consistent with the activity of an infectious disease (Car-
penter 2001). Further evidence for the role of an infectious
disease is provided by the different susceptibility of chicks
of different ages, with chicks being more likely to die as they
get older, mostly during their first two weeks of life (mean
age at death equal to 10.3 days +5.5 (n=170)). Given that
we mostly detected mortality up to the end of the brooding
stage, the spatio-temporal clustering of mortality might have
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been partly explained by coordination of hatching: however,
this was not the case, as we did not detect any significant
spatio-temporal clustered patterns —using inhomogeneous
space—time K functions (Gabriel and Diggle 2009; result
not shown in the text). Together with the spatio-temporal
patterns of mortality, the prevalence of an infectious disease
with a potentially common aetiology is further suggested by
the common symptomatology (described above) exhibited
on the days prior to death by a large proportion of chicks.
Previous research has shown that individual seabirds of
different quality (with differential foraging ability or capac-
ity of provisioning) may distribute differentially within
breeding colonies (Coulson 1968), with higher quality birds
occupying the best areas, which might ultimately result into
aggregated patterns of chick mortality. However, this does
not seem to hold true in our case for the following reasons.
Firstly, there is no evidence that albatross colonies are spa-
tially structured on the basis of quality factors, such as age
or breeding experience. Secondly, the variable prevalence
of mortality in different sub-colonies from one year to the
next strongly argues against the possibility that the observed
patterns might arise due to the conditions of the colony, or
of the birds that inhabit them. In fact, the higher or lower
quality of some nesting areas within the colonies, i.e. some
sites might be more exposed to physical agents such as wind
(which, in any case, should not constitute an issue during
brooding given the buffering effect of the parent), cannot
explain the variability in mortality prevalence in the same
sub-colonies in different years. Additionally, in the vast
majority of cases, albatrosses’ extreme nest fidelity and high
adult survival rates means that the contrasting mortality pat-
terns were recorded even if it was mostly the same birds
nesting in the same sub-colonies. Thirdly, as egg laying date
and individual quality are not related in albatrosses (Catry
et al. 2010), a hypothetical structuring of the colonies based
on the birds’ quality could only explain the spatial, but not
the temporal synchrony of the mortality events.
Seabirds—albatrosses and penguins in particular—
are particularly affected by recurrent disease outbreaks
(Weimerskirch 2004; Dias et al. 2019), with high population
level impacts (Bourret et al. 2018; Uhart et al. 2018). Some
of the life history traits common to many seabird species,
such as dense colonial nesting habits, a prolonged breeding
period and extreme philopatry, make them potentially very
vulnerable to disease threats, allowing pathogens to spread
quickly during the breeding season and to persist for pro-
longed periods. Additionally, due to growing human trade
and tourism, the exposure of immunologically naive sea-
birds (typically nesting on remote and isolated areas) to new
pathogens might be increasing in the short term (Phillips
et al. 2016). The variability and the comparatively smaller
scale of the mortality events described here, compared for
instance to the magnitude of the die-offs caused by avian
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pox and cholera (Woods et al. 2009), the observed sympto-
matic history and the vast majority of the cases occurring
when the chicks are one to two weeks old, do not seem to
match the seabird disease outbreaks described in the litera-
ture (Uhart et al. 2018). Yet, the consistent results obtained
for New Island, Steeple Jason, Beauchene and Bird Island,
with dead chicks showing similar symptoms, together with
the possibly related reports from Tickell and Pinder (1975),
suggest that the occurrence of these mortality events might
be historically widespread in the BBA colonies in the Falk-
lands, both in areas visited by humans and in those that are
not, potentially sharing a common aetiology.

Various diseases, disease causing agents and potential
reservoirs or vectors have been described for albatrosses.
For instance, Pasteurella multocida, the bacteria responsible
for recurrent avian cholera outbreaks over the past decades
(Leotta et al. 2006), was linked to poultry and human disper-
sion even in remote areas of Antarctica (Woods et al. 2009).
During the avian cholera outbreaks on Amsterdam Island
affecting the population of Indian yellow-nosed albatrosses
(Thalassarche carteri), scavenging skuas seemed to play
an important role in the dispersal of P. multocida between
colonies (Gamble et al. 2020). The bacteria Erysipelothrix
rhusiopathiae causing pathologies in Indian yellow-nosed
albatrosses might be naturally present in fish or in introduced
pigs (Jaeger et al. 2015; Weimerskirch 2016). In the BBA
population in South Georgia, migrating species, scavengers
and human visitors or researchers seemed to contribute to the
transmission of the bacteria Salmonella newport (Palmgren
et al. 2000). The DNA of Borrelia garinii, responsible for
bacterial infections in BBA, was found in Ixodes uriae ticks
(Olsén et al. 1995). In fact, tick infestation was found to
have direct repercussions on colonial seabirds population
dynamics (Boulinier and Danchin 1996), inducing nest or
even colony abandonment (Duffy 1983), affecting nestlings’
phisiological parameters (Ferrer and Morandini 2019) and
having high potential for the transmission of pathogens such
as the bacteria Borrelia burdogferi (Olsén et al. 1993) and
viruses such as Xavivirus, Flaviviruses, Orbivirus, Phlebo-
virus or Nairovirus (Nuttall 1984; Major et al. 2009). Viral
pathogens in shy albatrosses (Thalassarche cauta) include
avian Paramyxovirus and the recently discovered zoonotic
Hunter Island Group (HIGV) Phlebovirus (Wang et al.
2014), which may be spread by different possible vectors,
such as phlebotomine sandflies (Phlebotomus spp.), mosqui-
toes and ticks. The Avipoxvirus isolates obtained from BBA
in the Falklands (Munro 2007) show phylogenetic proxim-
ity with Poxviridae viruses found in penguins in Argentina,
suggesting a widespread and long-term circulation of these
pathogens in the region.

Given the unidentified nature of the potential patho-
genic agent involved, it is not possible to exclude the influ-
ence of human activity on the mortality events documented
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in this study. On New Island, sealing, whaling and farm-
ing took place in the eighteenth, nineteenth and twentieth
century and currently the island is visited by researchers
and tourists. However, on Steeple Jason, Beauchene and
Bird Island, the potential influence of humans and anthro-
pogenic disturbance on the BBA colonies is extremely
limited. Beauchene and Bird Island, in particular, have
never experienced any farming or grazing, and did not
suffer from the introduction of any mammal species or
any use for tourist purposes; they were the object of brief
visits until no later than the first half of the twentieth cen-
tury to hunt penguins and seals, and currently only receive
a small number of visits from researchers. Thus, even if
historically humans might have been responsible for the
introduction of this pathology in the archipelago, its trans-
mission to the remote BBA colonies may have occurred
indirectly by way of other vectors.

In conclusion, the cause and means of contagion of
this disease-related mortality events remain unknown and
further investigations would benefit from the examina-
tions of samples of organs from freshly dead chicks in
the field. Moreover, the analysis of antibodies in plasma
samples collected from BBA (Gamble et al. 2019) or from
the scavenging and predatory skuas (Gamble et al. 2020)
might reveal crucial insight into the exposure of the avian
community to pathogens. A thorough understanding of the
causes underpinning the occurrence and the magnitude of
these events is of pivotal importance, particularly so in the
Falklands, which host more than 70% of the BBA world
population. The prevalence of this unidentified infectious
disease is a potentially important factor driving the vari-
ability in nestling mortality and, in some seasons, had a
substantial impact on the BBA breeding success, being
yet another identified threat for this species. As almost all
albatross species are currently threatened, and since the
prevalence and impact of diseases affecting these birds can
be modulated by climate change and by the human-related
spread of pathogens, we believe that filling important gaps
in the current coverage of epidemiological research and
understanding the implications for conservation and man-
agement is a pressing conservation priority.
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