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a b s t r a c t
Catastrophic events, either from natural (e.g., hurricane) or human-induced (e.g., forest clear-cut) processes, are a well-known threat to wild populations. However, our lack of knowledge about population-level effects of catastrophic events has inhibited the careful examination of how catastrophes
affect population growth and persistence. For the critically endangered short-tailed albatross (Phoebastria
albatrus), episodic volcanic eruptions are considered a serious catastrophic threat since approximately
80% of the global population of 2500 birds (in 2006) currently breeds on an active volcano, Torishima
Island. We evaluated how short-tailed albatross population persistence is affected by the catastrophic
threat of a volcanic eruption relative to chronic threats. We also provide an example for overcoming
the seemingly overwhelming problems created by modelling the population dynamics of a species with
limited demographic data by incorporating uncertainty in our analysis. As such, we constructed a stochastic age-based matrix model that incorporated both catastrophic mortality due to volcanic eruptions
and chronic mortality from several potential sources (e.g., contaminant exposure, ﬁsheries bycatch) to
determine the relative effects of these two types of threats on short-tailed albatross population growth
and persistence. Modest increases (1%) in chronic (annual) mortality had a 2.5-fold greater effect on predicted short-tailed albatross stochastic population growth rate (lambda) than did the occurrence of periodic volcanic eruptions that follow historic eruption frequencies (annual probability of eruption 2.2%).
Our work demonstrates that periodic catastrophic volcanic eruptions, despite their dramatic nature,
are less likely to affect the population viability and recovery of short-tailed albatross than low-level
chronic mortality.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Wild species are affected by multiple threats, both natural (e.g.,
drought, ﬂoods) and anthropogenic (e.g., habitat destruction, overharvesting). Threats can also be divided into those that occur at different frequencies and intensities: (a) chronic threats – constant
and often low in intensity (e.g., harvesting); (b) stochastic threats
– erratic and unpredictable and of low to moderate intensity
(e.g., weather effects); and (c) catastrophic threats – rare, often
unpredictable, and of high intensity (e.g., hurricane). Although
much work has evaluated the effects of chronic and stochastic
threats on population viability (Baker and Wise, 2005; Inchausti
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and Weimerskirch, 2001; Kelly and Durant, 2000; Nantel et al.,
1996; Rolland et al., 2009), less is understood about how catastrophic threats affect population persistence, especially when
combined with chronic and stochastic threats (McCarthy, 1996;
Whitman et al., 2007).
While there are multiple ways to assess how catastrophic and/
or chronic events might affect species survival, population viability
analysis provides one of the most useful approaches, at least when
sufﬁcient census and demographic data are available (Morris and
Doak, 2002). Population viability analyses (PVAs) are mathematical
models based on existing data (e.g., population monitoring, demographic) that predict population growth rates and extinction risks
over a speciﬁed time frame (Caswell, 2001; Morris and Doak,
2002). PVAs are useful in diagnosing population trends and have
been used widely to assess the effect of chronic threats (e.g., bycatch, human disturbance) on the survival of imperilled species
(Crowder et al., 1994; Gerrodette and Gilmartin, 1990; Lewison
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et al., 2004b). In contrast, catastrophic threats are commonly omitted from PVAs due to lack of information on their frequency and
severity (Coulson et al., 2001; Nilsson, 2004), yet are also believed
important with respect to population persistence (Coulson et al.,
2001; Ludwig, 1999; Mangel and Tier, 1994).
The general concept that catastrophes signiﬁcantly affect population persistence may indeed have come from the observation
that a catastrophic event can cause dramatic short-term population declines, either from direct mortality or breeding failure. However, many species have life history strategies that buffer them
from the effects of catastrophes, especially naturally reoccurring
events such as ﬁre, hurricanes, and ﬂoods (Breininger et al.,
1999; Hughes, 1994; Tryjanowski et al., 2009). Unfortunately,
when populations are also affected by chronic mortality (e.g., harvesting), their ability to recover from a catastrophe is inhibited
(Hughes, 1994; Whitman et al., 2007). This is particularly true if
a population has already been reduced to a small size (Marmontel
et al., 1997; Oli et al., 2001; Root, 1998). Thus, including catastrophic effects is important, especially for small populations, to
accurately assess a population’s future growth and stability
(Gerber and Hilborn, 2001; Good et al., 2008).
While others have investigated the theoretical effects of catastrophes and/or chronic mortality on populations (Abrams, 2002;
Hanson and Tuckwell, 1981; Lande, 1993), we examined how a
real-world catastrophic threat, a volcanic eruption, in combination
with and relative to chronic threats affect the recovery of a critically endangered species, the short-tailed albatross (Phoebastria
albatrus). The short-tailed albatross is the largest North Paciﬁc seabird and, similar to other albatross species, is long-lived, slow to
mature, has low annual fecundity, and forages over vast oceanographic regions (Suryan et al., 2007; Tickell, 2000). The short-tailed
albatross was listed as endangered in 1970 (USFWS, 2005) due in
large part to their near extinction in the 1940s from feather hunting (Austin, 1949; Sanger, 1972). While short-tailed albatross numbers have steadily increased since 1947 (Austin, 1949), there were
only 2500 individuals in 2006 and current threats, both catastrophic and chronic, still appear to jeopardize their recovery.
The catastrophic threat to short-tailed albatross occurs on
Torishima (30° 29’N, 140° 19’E), an active volcanic island where
the vast majority of the world’s population breeds (Hasegawa and
DeGange, 1982). Torishima has experienced three above-ground
eruptions over the past 130 years, in 1902, 1939, and 2002 (data
set
available
online,
http://www.volcano.si.edu/world/volcano.cfm?vnum=0804-09=&volpage=erupt; Kuno, 1962), all of
which occurred outside of the breeding season. The risk of a volcanic eruption occurring during the breeding season, when the birds
are present on the island, has been cited as a major threat to shorttailed albatross given that an eruption could lead to catastrophic
adult and chick mortality as well as destruction of nesting habitat
(USFWS, 2005). Additionally, short-tailed albatross may be at risk
from chronic threats such as ﬁsheries bycatch (Anonymous,
1999) and contaminant exposure (Kunisue et al., 2006), both of
which are considered serious threats for another North Paciﬁc seabird, the black-footed albatross (Phoebastria nigripes) (Auman et al.,
1997; Finkelstein et al., 2007; Lewison and Crowder, 2003).
To examine the relative effects of chronic and catastrophic
threats on the population viability of short-tailed albatross, we
constructed a series of age-based stochastic population models.
Similar to the work of Hunter et al. (2000) on short-tailed shearwaters (Pufﬁnus tenuirostris), we paid special attention to the problems of parameter uncertainty as we borrowed data from several
albatross species to ﬁll gaps in our knowledge of short-tailed albatross demography. Our work is among the ﬁrst efforts to provide a
comprehensive assessment of the relative population-level effects
of a well-deﬁned catastrophic event and low-level chronic mortality for an endangered species. Additionally, we provide an example

for overcoming the seemingly overwhelming problems created by
modelling the population dynamics of a species with limited
demographic data by illustrating a strategy to account for uncertainty in vital rate estimates.
2. Materials and methods
2.1. Basic model structure
2.1.1. Matrix
The stochastic simulations were based on a 14-stage Lefkovitch
matrix that includes both males and females grouped together into
four juvenile age classes, four sub-adult age classes, one adult stage
class, and ﬁve adult widow stage classes (in which a bird has lost
its mate) (Fig. 1, Table 1). Males and females are assumed to have
equal demographic rates. Each year of the model begins in October
when adults return to the island to lay eggs and follows birds and
their young through September of the next year. The ﬁrst juvenile
age class spans the one-year-old to two-year-old age category
(note that the transition from an egg to a one-year-old bird is included in the fecundity term (Fig. 1)), and age classes continue in
1 year increments through 8 years of age, after which birds are
considered to be mature breeding adults. Birds aged nine and older
were assigned to the adult age class because ﬁeld data indicate that
all short-tailed albatross have attempted to breed at least once by
age nine (H. Hasegawa, unpublished data). Similar to others who
have modelled albatross populations (Arnold et al., 2006; Lewison
and Crowder, 2003; Weimerskirch et al., 1997), we did not incorporate senescence as there is limited empirical evidence for senescence in any albatross species and none to suggest senescence
occurs in short-tailed albatross.
2.1.2. Widow classes
A volcanic eruption could potentially kill all short-tailed albatross present on the island. As both members of an albatross breeding pair alternate egg incubation and chick rearing duties (Tickell,
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Fig. 1. Diagram of stage-based model developed for short-tailed albatross (see also
Table 1). Numbers in circles indicate age or stage classes (1–9) and w1–w5 are
widowed birds in the 1st through 5th year since widowing. Letters associated with
each group of transition arrows indicate the types of transitions: (a) the probability
of surviving (Si), (b) fecundity; the probability of producing a viable one-year old in
the next generation (f  bi  Sci  Sﬂedge), (c) the probability of surviving and not being
widowed (Si  Si), (d) the probability of surviving and being widowed (Si  (1  Si)),
(e) the probability of a widow surviving and not ﬁnding a new mate (Si  (1  wi)),
(f) the probability of a widow surviving and ﬁnding a new mate (Si  Si  wi), (g) the
probability of a widow surviving, ﬁnding a new mate and being widowed again
(Si  (1  Si)  wi), (h) fecundity; the probability of a widow ﬁnding a new mate and
successfully producing a one-year old in the next generation (wi  f  bi  Sci  Sﬂedge).
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Table 1
Short-tailed albatross population matrix used for model simulations. Ni,t is the age speciﬁc population size at time t, Si is the age speciﬁc survival, wi is the probability of ﬁnding a
mate after being widowed (note in year 5 (w5) the probability of ﬁnding a mate is 100%) and F is fecundity, the probability of producing a viable one-year old in the next
generation and deﬁned as the following:

F 14 ¼ f  bi  Sci  Sfledge
F 59 ¼ f  bi  Sci  Sfledge  wi
where f is the proportion of the population that is female (assumed to be 0.5), bi is the probability of breeding for i aged birds, Sci is the survival of chicks raised by an i aged
female parent from egg to ﬂedge (6 months), and Sﬂedge is the probability of surviving from ﬂedge to 1-year old (6 months).
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2000), one mate from all breeding pairs may be simultaneously
killed if a volcanic eruption occurs during the breeding season.
The concurrent death of one member from all breeding pairs
may affect short-tailed albatross population dynamics through
the 1–5 year time lag required for widowed mates to ﬁnd a new
breeding partner (Fisher, 1976). Consequently, in order to account
for changes in population dynamics from widowing effects, breeding birds that were widowed (due to any mortality event) were
transitioned from the breeding age class into a non-breeding widow class. By transitioning birds annually through ﬁve widow classes, the model allowed the probability of a bird ﬁnding a new mate
to increase with time since that bird was widowed (annual probability of ﬁnding a mate after being widowed: year 1 = 1%, year
2 = 59%, year 3 = 63%, year 4 = 60%, year 5 = 100% based on data
for Laysan albatross in Fisher (1976)). Note that in year 5 all widowed birds were assumed to ﬁnd a mate (Fisher, 1976).
2.1.3. Density dependence
Similar to a recently published model on short-tailed albatross
population dynamics (Zador et al., 2008), density dependence
was not incorporated into our model structure. The global shorttailed albatross population has been steadily increasing from near
extinction since the early 20th century (Austin, 1949); recent census data (1976/77–2005/06) provide no indication that Allee effects are operating as evidenced by a constant lambda
(variance = 0.002) with a growth rate (1.073) higher than that observed for other albatross species (Appendix A). Nor is negative
density dependence likely affecting this population as the current
population size (2500 birds in 2006) is orders of magnitude lower
than the population size prior to feather hunting (Austin, 1949).
2.1.4. Migration
We did not incorporate migration into our model structure as
typically only one bird believed to be from the Senkaku islands –
the only other established Short-tailed albatross colony – is seen
on Torishima each year and there is no evidence that these birds
are breeding (P. Sievert, pers. obs. 2007). Very little is known about
albatross movement rates between breeding colonies although
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rates are thought to decline with increased distance and juveniles
appear to be the most likely age group to disperse (Inchausti and
Weimerskirch, 2002). In general, migration is not considered an
important driver for albatross population dynamics as adults have
strong nest site ﬁdelity, returning to the same nest to breed year
after year, and their chicks tend to recruit as breeders to the same
colony where they were raised (Tickell, 2000).
2.2. Parameter estimates
2.2.1. Uncertain parameters: demographic rates estimated from other
albatross species
While census data (e.g., numbers of eggs laid, chicks ﬂedged
each year, age of ﬁrst breeding) exist from Torishima between
the years 1976/77–2005/06, no other demographic data were
available for short-tailed albatross. Thus, models were constructed,
with the incorporation of uncertainty, using estimates of survivorship and probability of breeding from a wide range of albatross
species (see Appendix A) as there was no evidence to indicate that
any one species (or groups of species) would be more representative of short-tailed albatross population dynamics.
2.2.1.1. Mean rates. For each vital rate not based on short-tailed
albatross demography, sets of three to ﬁve plausible (with respect
to the observed growth rate from census data), mean values were
selected based on mean rates reported for other albatross species
(Table 2, see Appendix A). Younger birds (ages six to seven) were
assigned lower probabilities of breeding compared to older birds
(ages 8 and above) (Table 2). Our breeding probability values were
slightly higher than those of other albatross species (Appendix A)
since: (1) high rates were necessitated by the observed high
growth rate of the population (1.073) and (2) widowed birds were
partitioned out of the adult stage class such that probability of
breeding values applied only to adults with the potential to breed.
To run each simulated population trajectory, we selected a particular set of mean survival and mean breeding probability rates
from the 1500 possible vital rate combinations. In lieu of randomly
picking a set of vital rates to use, we took a more targeted approach
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Table 2
Vital rate means, variances, and bounds used in short-tailed albatross stochastic model simulations. Vital rates with more than one mean are those for which no short-tailed
albatross-speciﬁc demographic data were available (see Appendix A for the data upon which these rates are based). A set of vital rates was picked for each model simulation by
their relative likelihood of obtaining the census-calculated lambda (1.073). To incorporate environmental stochasticity, a value was randomly selected every year from a beta
distribution that was constructed with the mean being the vital rate selected for each simulation and the annual variance (which remained constant for all simulations). Bounds
were set on the beta distributions for probability of breeding rates to ensure realistic values were chosen as these rates have a large estimated variance.
Vital rate

Mean (s)

Variance

Bounds

Survival: egg to ﬂedge
Annual survival: immature (ﬂedge to 4)
Annual survival: sub-adult (5–8)
Annual survival: adult (9+)
Annual probability of breeding: sub-adult
Annual probability of breeding: adult

0.551
0.88, 0.89,
0.94, 0.95,
0.96, 0.97,
0.51, 0.53,
0.84, 0.86,

0.015
0.003
0.001
0.0005
0.014
0.014

–
–
–
–
0.1–0.7
0.45–0.95

0.9, 0.91, 0.92
0.96, 0.97
0.98
0.55, 0.57, 0.59
0.88, 0.9, 0.92

by evaluating how closely each individual vital rate set, when used
in the stochastic model, would approximate the growth rate
(lambda) of 1.073, calculated from census data on Torishima between the years 1976/77–2005/06. To do this, 500 stochastic simulations were run for 30 years using each of the 1500 vital rate sets,
thereby generating a mean and standard deviation of the stochastic
lambda for each set. We estimated the likelihood of obtaining the
observed, census-calculated lambda (1.073) from each vital rate
set, assuming normally distributed lambda values. We then randomly picked 1000 vital rate sets for use in our model simulations,
weighting the choice of these sets by their relative likelihood of
obtaining the census-calculated lambda (1.073). To determine
whether 1000 vital rate sets were sufﬁcient to generate consistent
and reproducible results, we chose two different groups of 1000
sets and found that the mean and variance of the predicted stochastic lambda values changed by less than 0.03%.
2.2.1.2. Vital rate variances. The temporal annual variance in survivorships and probability of breeding were estimated using the
mean value of the variance estimates for each rate reported for
other albatross species (see Appendix A). When possible, we used
variance estimates that appeared to be corrected for sampling variance. However, the majority of studies in the literature do not correct for sampling variance or provide the information needed for us
to make these corrections. Nonetheless, given that the mean survival estimates from all studies evaluated are extremely high and
the variances are very small (see Appendix A), incorporation of
some estimates that reﬂected total variance (and not solely process
variance) should not signiﬁcantly affect our ﬁndings. The average
 2,
of variance estimates reported for other albatross species, r
was then rescaled to yield the proportion of the maximum variance
possible for a rate with the mean of the relevant survival estimates
 2 =ðv
  ð1  v
 ÞÞÞ (Morris and Doak, 2002). Temporal
 Þ: p ¼ ðr
ðv
variances used in model simulations (Table 2) were then calculated
 i Þ, where v
 i is the vital rate mean of the
 i ð1  v
by multiplying p by v
1000 vital rates (from selected vital rate sets, see above). As all estimates of temporal variance were very low (see Appendix A), and
there was a narrow range of mean values (and hence low uncertainty in the means), this approach was adequate to estimate reasonable temporal variance values. Parameter uncertainty for vital
rate variances was not included in our simulations: (1) because
the high growth rate dictated that mean rates (survivorship rates
in particular) could not be highly variable between years; (2) a preliminary assessment of including parameter uncertainty in vital
rate variances (following the same methodology used for the
parameter means), negligibly altered the annual variance in lambda (0.0023–0.0027).
2.2.2. Parameters based on short-tailed albatross demographic data
2.2.2.1. Survivorship values. The mean and the variance of egg to
ﬂedging survivorship (0.551 and 0.015, respectively) was calcu-

lated using short-tailed albatross ﬁeld data for 1976/77–2005/06
(H. Hasegawa, unpublished data).
2.2.2.2. Age of ﬁrst breeding. Age of ﬁrst breeding was set at 6 years
based on short-tailed albatross re-sighting data from Torishima
where chicks banded in 1988, 1989, and 1990 were re-sighted as
breeders over the next 10 years. Only a small percentage of resighted birds (13%) began breeding at age ﬁve compared with
42% at age six (H. Hasegawa, unpublished data).
2.2.2.3. Population sizes. The starting population size in all model
simulations was 1485 birds and the population was assumed to
be at a stable stage distribution. The starting population size was
estimated by ﬁrst calculating the number of breeding adults
(682) as a result of doubling the number of eggs observed in
Autumn 2006 (341 eggs, H. Hasegawa, unpublished data). Then,
the stable age distribution was calculated using vital rates from
the vital rate mean sets (Table 2) that resulted in a lambda
(1.074) which closely approximated the lambda generated from
the census data (1.073) as follows: probability of breeding for 6
and 7 year olds = 0.55, probability of breeding for 8 and older = 0.88,
immature survival (ﬂedge to 4) = 0.90, sub-adult survival (5–8) =
0.96, and adult survival (9+) = 0.98. The number of breeding birds,
the stable age distribution, and the probability of breeding were
used to estimate the total population size.
Extinction was said to have occurred when the population hit
the quasi-extinction threshold of 100 adults, ages eight and above,
including widowed birds. One Hundred breeding adults was chosen as this number equals an effective population size of 50 individuals, which results in the loss of 1% of genetic diversity each
generation – a loss generally considered low enough to minimize
negative effects such as inbreeding depression (Morris and Doak,
2002). However, for short-tailed albatross, a quasi-extinction
threshold of 100 adults may be conservative given their ongoing
recovery from near extinction in the early 20th century (Austin,
1949), when population numbers may have fallen below 100
breeding-age adults.
2.3. Simulating environmental stochasticity
Environmental stochasticity was incorporated for stage-speciﬁc
survivorship and probability of breeding rates. For each of these
rates, a value was randomly selected every year from a beta distribution that was constructed with the mean being the vital rate selected for each simulation (from the 1000 vital rate sets) and the
annual variance (which remained constant for all simulations,
Table 2). Additionally, to ensure that no unrealistic values were
selected for annual probability of breeding (given the large
variance in these rates), the annual probability of breeding beta
distributions were bounded between 10–70% for birds 6–7 years
old and 45–95% for birds eight and older (Table 2) in all stochastic
simulations.
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2.4. Model validation
The ﬁt of the stochastic model, including uncertainty in demographic parameters, was validated by comparing the observed
number of eggs each year on Torishima between 1976 and 2006
to the projected number of eggs by running the model for 30 years,
at the starting population size in 1976, for 1000 simulations. The
mean Pearson correlation coefﬁcient of 0.96 (SE: 0.0006) showed
a very close ﬁt of the model projections to the census egg data.
Additionally, there was good agreement between the variance in
annual lambda values from the ﬁeld data (0.0022) and those from
the model simulations (0.0016).
2.5. Threats to short-tailed albatross
2.5.1. Catastrophic volcanic eruption
Approximately 80% of the short-tailed albatross population
nests on the active volcano, Torishima. Torishima has experienced
three somewhat consistently spaced above-ground eruptions since
1871 (1902, 1939, 2002) (http://www.volcano.si.edu/world/volcano.cfm?vnum=0804-09=&volpage=erupt; Kuno, 1962). Thus,
the probability of an eruption occurring each year was assumed
to be 2.2% (the three recorded eruptions occurred over 136 years
of observation (1871–2007)). In the event of an eruption, the eruption was randomly assigned to occur in a particular month of the
year. The probability that a bird in each age class would be present
on the island during a particular month of the eight-month breeding season (October–May) was based on attendance data from Laysan albatross, which have a similar breeding cycle (Fisher and
Fisher, 1969, see Appendix B). Note that for Laysan albatross the
courting and copulation period for a breeding pair is, in general, extremely short (less than three days) (Fisher and Fisher, 1969). For
example, Fisher and Fisher (1969) observed that copulation typically occurs within hours after the reunion of mates on the colony
and that both birds leave the colony within 36 h after copulation.
Thus, as we integrated colony attendance over a one-month period,
we did not consider a scenario where both members of a breeding
pair would be present simultaneously on the island in our model
simulations. In addition, each member of a breeding pair has an
equal probability of being affected by a volcanic eruption given
that albatrosses share parental duties with both parents alternating egg incubation and chick rearing shifts throughout the breeding season (Tickell, 2000).
An above-ground volcanic eruption on Torishima could result in
several situations that would result in the death of birds at the colony. For example, lava ﬂowing down the mountain has the potential to cover incubating adults and chicks. Additionally, ﬁne ash in
the air could damage a bird’s respiratory system. Evidence from
Laysan albatross suggests that albatross may not immediately
leave their eggs or chicks during an eruption; adults continued to
incubate eggs when their nests were inundated by ﬂood waters
(2007, Guadalupe Island, R.W. Henry, pers. comm.) and when attacked by rats (Kepler, 1967). We assumed that if a volcanic eruption occurred during one of the months that encompassed the
eight-month breeding season, the ‘‘worst case scenario” occurred,
in which eruptions caused 100% mortality of all birds present on
the island (including all eggs or chicks). Additionally, we explored
volcanic effects on population dynamics by (1) increasing the annual eruption probability to 10%, 20%, 30%, and 40% and (2) rendering the island inhospitable to breeding birds (i.e., setting
reproductive success to zero) for 5 and 10 years following an
eruption.
2.5.2. Chronic (annual) mortality
Short-tailed albatross currently experience an unknown level of
chronic mortality from natural and anthropogenic sources. Some

325

chronic mortality sources that may potentially affect short-tailed
albatross population viability are contaminants (Kunisue et al.,
2006), ﬁsheries bycatch (Anonymous, 1999), and disease
(Weimerskirch, 2004). Additional chronic mortality was assigned
by increasing annual mortality by 1, 2, 4, 6 and 8 percentage points
over estimated current mortality levels across age classes (except
for the egg to ﬂedge stage) and we assumed that these threats have
independent, non-interacting effects and that both males and females were affected equally. Even with the highest increase in annual mortality (8%), these mortality rates still fall within the ranges
reported for other albatross species (Table 3). As albatross chicks
usually require the survival of both adults in order to ﬂedge (Tickell,
2000), in model scenarios that had added adult mortality, egg to
ﬂedge survivorship was adjusted (to account for the increased
probability of death of a parent) using the following equation:
2
Scnew ¼ ðScw =ðSað8=12Þ Þ2 Þ  ðSað8=12Þ
new Þ
2
where Scnew and ðSað8=12Þ
new Þ are the new chick and adult survivorships (of both parents) during the eight-month breeding season
with added adult mortality, respectively; Scw is the current estimated survivorship of a chick (including effects of parental mortalities); and (Sa(8/12))2 is the current survivorship of both parents
during the eight-month breeding season without added mortality.

2.6. Elasticity analysis
2.6.1. Deterministic methods
To determine the sensitivity of the stochastic growth rate to
changes in vital rates, an elasticity analysis was run for mean
deterministic matrices (Caswell, 2001). For each rate, with the
exception of egg to ﬂedge survivorship (which was obtained from
short-tailed albatross demography), we calculated the elasticity for
matrices constructed with the lowest values for that rate, 1000 vital rate set mean, and highest value for that rate, with all other
rates held at their 1000 vital rate set mean (Table 2).
2.6.2. Stochastic methods
We calculated the elasticity of the stochastic population growth
rate in relationship to the probability of a volcanic eruption and
additional chronic mortality for the stochastic matrix (1000 simulations and 1000 years) as per Morris and Doak (2002). We chose
conditions near current estimates, with a probability of volcanic
eruption of 2.2% per year and an added chronic mortality of 1%
per year.
3. Results
3.1. Catastrophic volcanic eruptions
Volcanic eruptions occurring at their historic frequency (probability of eruption = 2.2% per year) on Torishima slightly, but not
substantially, reduced (from 1.064 to 1.059) the mean stochastic
population growth rate (1000 simulations over a 50 and 100 year
time frame). Even though a volcanic eruption can reduce the population size considerably, the relatively high and constant population growth rate allowed for a rapid rebounding of the population
within a few years of a catastrophic event (Fig. 2a). In fact, following a volcanic eruption that occurs in January, when breeding adult
colony attendance is 50% (Appendix B), the population rebounds to
its pre-eruption size in less than 10 years (mean time = 8.9 years,
1000 simulations, starting population size = 1485). Not until a volcanic eruption occurred on average 4 times every 10 years did the
population growth rate become negative (Fig. 2b) and only after
the probability of a volcanic eruption was increased to 30% did
the probability of extinction over 100 year projections (1000
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Table 3
Chronic mortality rates reported for several albatross species. Added chronic mortality rates used in short-tailed albatross models (2–8%) were within observed mortality rates for
other albatross species.
Species

Mortality source

% mortality increase

Reference

Amsterdam (Diomedea amsterdamensis)
Wandering (D. exulans)
Black-footed (Phoebastria nigripes)
Waved (P. irrorata)
Yellow-nosed (Thalassarche chlororhynchos)

Bycatch
Bycatch
Bycatch
Bycatch
Disease (avian cholera)

6.5
5.4
4.8
3.3
8

Weimerskirch et al. (1997)
Weimerskirch and Jouventin (1998)
Lewison and Crowder (2003)
Awkerman et al. (2006)
Weimerskirch (2004)
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(b)

8000

0%
2.2%

7000

Population size

6000
10%

5000
4000

20%
3000
30%

2000

40%
1000
0
0

5

10

15

20

25

Time (years)
Fig. 2. (a) Projected short-tailed albatross population size over 50 years at the Torishima colony, illustrating population declines following volcanic eruptions in years 4, 10
and 36 (single model simulation). Inset shows detailed population trajectory before and after a volcanic eruption in year 4. As widowed birds begin to re-mate, the high
growth rate allows the population to rapidly recover from a volcanic eruption. (b) Mean (1000 stochastic simulations) short-tailed albatross projected population size over
25 years with the annual probability of catastrophic eruption modelled from 0–40%. Short-tailed albatross population growth remained positive until the probability of a
volcanic eruption equalled 40% per year, which is approximately 18 times more frequent than the observed eruption probability of 2.2%.

simulations) become greater than 5% (Fig. 3). A main factor
protecting the population against a volcanic eruption is that the
maximum short-tailed albatross attendance on Torishima at any
given time is only 25% (Fig. 4).

Additionally, we found little effect on population dynamics if
breeding was halted (i.e., reproductive success was zero) on
Torishima for 5 and 10 years following a volcanic eruption. In
model simulations (probability of eruption = 2.2% per year, 100 years,
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with increased colony attendance. Lambda was only slightly reduced
(mean stochastic lambda = 1.058 ± 0.007 SD vs. 1.059 ± 0.007 SD)
when attendance values, and thus mortality during a volcanic
eruption, were doubled (non-breeder and immature attendance
(October–March) as well as breeder attendance during chick
rearing (February–May)). Given these ﬁndings, we feel that the
uncertainty surrounding our estimation of colony attendance for
short-tailed albatross did not signiﬁcantly affect our reported
results.

1

Probability of extinction

0.9

Chronic 8%

0.8

Catastrophic 40%

0.7

Catastrophic 30%

0.6
0.5
0.4

3.2. Chronic mortality

0.3
0.2
0.1
0
0

20

40

60

80

100

Time (years)
Fig. 3. Short-tailed albatross extinction probabilities for volcanic eruption frequencies of 30% and 40% per year and 8% added chronic mortality. Even though an
increase in chronic (annual) mortality did not cause extinction in the short-term
(up to 40 years), an added chronic mortality of 8% resulted in a high probability
(>90%) that the population would ultimately become extinct over the next
100 years. Probabilities were based on 1000 simulations.

30%

3.3. Deterministic elasticity analysis

adult breeder

Percent of total population

Adding chronic (annual) mortality of 1% to adult, sub-adult,
juvenile and ﬂedge-to-1-year survivorships caused a 2.5-fold
greater decrease in stochastic lambda than did incorporating mortality from catastrophic volcanic eruptions at the historic eruption
probability of 2.2% per year. On average, the population size decreased when added chronic mortality was greater than or equal
to 6% (Fig. 5). Short-tailed albatross population projections (1000
simulations over 100 years) never reached the quasi-extinction
threshold with 2% or 4% added chronic mortality. However, at 8%
added mortality, the population reached the quasi-extinction
threshold in 92.5% of the simulations (1000 simulations over
100 years), almost twice the probability of extinction for model
simulations of a population experiencing a volcanic eruption probability of 40% per year (Fig. 3).

25%

sub-adult breeder
adult non-breeder

20%

sub-adult non-breeder
immature

15%

As predicted from other population models of long-lived species
with high adult survivorship (Arnold et al., 2006; Awkerman et al.,
2006; Crowder et al., 1994), elasticity analysis of vital rates used in
the deterministic matrix demonstrated that short-tailed albatross
adult survivorship had the greatest effect on lambda (Fig. 6a).
Noteworthy was that the elasticities did not change appreciably
over the range (low, mean, high) of vital rate values evaluated
(Fig. 6a).

10%
8000
5%
7000
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Dec

Jan

Feb
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Month
Fig. 4. Percent of the total short-tailed albatross population present on Torishima
(and thus potentially killed from a volcanic eruption) per month during the
breeding season (October–May), reported by stage class. The greatest percent of the
population on the colony during a given month was 25%, between the months of
November through January. Data adapted from Laysan albatross (Fisher and Fisher,
1969; Appendix B).

0%

6000

Population size

0%

5000
4000

2%

3000
4%
2000

1000 simulations) with zero reproductive success for ﬁve and ten
sequential years post eruption, the mean stochastic lambda was
1.05 and 1.04, respectively with none of the simulations for either
scenario ever dropping below the quasi-extinction threshold.
We note that our model may underestimate the impact of a volcanic eruption because we estimated short-tailed albatross colony
attendance during the breeding season (see Appendix B) from Laysan albatross data (Fisher and Fisher, 1969). In order to assess how
colony attendance could inﬂuence the population-level impact of a
volcanic eruption, model simulations (probability of eruption = 2.2% per year, 100 years, 1000 simulations) were conducted
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0
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15
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Fig. 5. Mean short-tailed albatross population size over 25 years on Torishima,
averaged from 1000 stochastic simulations using different added chronic (annual)
mortality rates with historical volcanic eruption frequency of 2.2% per year. An
added chronic mortality of 6% per year or greater resulted in a negative population
growth.
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3.4. Contrasting catastrophic and chronic mortality

will continue to grow until annual mortality exceeds 5.5%, a 7-fold
increase.

A stochastic elasticity analysis demonstrated that the population growth rate is three times more sensitive to changes in
chronic mortality than to changes in volcanic eruption frequency
(Fig. 6b). At the current probability of volcanic eruption (2.2%),
the mean stochastic growth rate (1.058) for the short-tailed albatross population is achieved with an annual mortality rate of
0.8% (Fig. 7). If mortality remains at this current rate, but the
eruption frequency increases, the population will keep growing
until the eruption probability exceeds 30%, a 15-fold (and unrealistic) increase. In contrast, if the eruption probability remains at its
current rate but chronic mortality rates increase, the population

(a)

0.7
low

0.6

average

Elasticities

0.5

high

0.4
0.3
0.2
0.1
0
Sc

b6-7

b8-9

Sim

Ssa

Sa

Vital rate

(b)

Added chronic
Volcanic eruption

mortality

0

Elasticities

-0.004

-0.008

-0.012

-0.016
Fig. 6. (a) Elasticity values for the deterministic matrix demonstrate that adult
survival (Sa) has the greatest effect on short-tailed albatross population growth. For
elasticities of vital rates with more than one mean value (Table 1), we calculated the
elasticity for matrices constructed with the lowest, 1000 vital rate set mean, and
highest value for that rate, with all other rates held at their 1000 vital rate set mean.
The 1000 vital rate set mean values for the probability of breeding for 6 and 7 year
olds (b6–7), probability of breeding for 8 and older (b8–9), immature survival
(ﬂedge to 4; Sim), sub-adult survival (5–8; Ssa) and adult survival (9+; Sa) were
0.551, 0.885, 0.904, 0.958, 0.975, respectively. Egg to ﬂedge survivorship (0.515; Sc)
was obtained from short-tailed albatross demography. (b) Elasticities of shorttailed albatross stochastic population growth demonstrate that added chronic
mortality (1% per year) had a much greater (3-fold) effect on lambda than the
probability of a volcanic eruption (2.2% per year). Elasticities are negative because
increasing either variable (eruption frequency, chronic mortality) decreased lambda
values.

4. Discussion
Catastrophic events are considered devastating to population
persistence, although there is a lack of published evidence on their
effects. A literature search (March 2008) using the Web of Science
database and the keyword ‘‘population viability analysis” generated 487 returns. Only 4% (21) of the 487 returns included analysis
of catastrophic threats (identiﬁed by narrowing our search using
the keyword ‘‘catastroph”) and just six of these 21 publications
used empirical knowledge about the frequency and/or severity of
the catastrophe. Furthermore, merely ﬁve of the 21 catastrophic
publications (1% of the 487 original returns) included analysis of
both catastrophic and chronic threats. We constructed a stochastic
PVA with chronic and catastrophic threats and determined that, in
contrast to increases in chronic low-level mortality, natural catastrophic events (volcanic eruption) had almost no detectable inﬂuence on the long-term persistence of the critically endangered
short-tailed albatross.
Short-tailed albatross’ pelagic nature, with 75% of the population at-sea during any given time (Fig. 4), appears to buffer them
against the catastrophic effect of a volcanic eruption, even one that
kills all adult and juvenile birds present on the island. However,
when birds experienced a low-level (1%) added chronic (annual)
mortality, the population growth rate declined measurably
(Fig. 5). The population growth rate became negative, with a
declining projected population, when adult mortality levels were
5.5%, a mortality rate well within annual mortality levels observed in other albatross species (Table 3). Our ﬁndings are supported by a recently published population model on short-tailed
albatross that predicted an additional removal of 50 birds per year
– equal to 2.5% increase in annual mortality – would cause a signiﬁcant impact on population growth as evidenced by a delay in
reaching short-tailed albatross recovery goals (Zador et al., 2008).
Fisheries bycatch (USFWS, 2005; Zador et al., 2008) is believed
to be one of the main sources of anthropogenic mortality for
short-tailed albatross. Bycatch rates of seabirds are extremely difﬁcult to estimate (Baker et al., 2007; Lewison et al., 2004a; Miller
and Skalski, 2006; Uhlmann et al., 2005), yet are thought to be
the main cause of the downward population trends seen in most
albatross species worldwide (Arnold et al., 2006; Awkerman
et al., 2006; Lewison and Crowder, 2003). Mortality rates for ﬁsheries bycatch of black-footed albatross, a related northern hemisphere species, were estimated by Lewison and Crowder (2003)
to be between 5200 and 13,800 birds per year. Assuming a global
population size of 278,000 birds (IUCN, 2006), the annual bycatch
rate for black-footed albatross ranges from 1.9% to 5.0%. A similar
bycatch rate for short-tailed albatross would result in a far less
optimistic picture of their future population viability.
Based on satellite telemetry data, short-tailed albatross primarily forage within the exclusive economic zones of the United States,
Russia, and Japan, as well as in international waters (Suryan et al.,
2007, 2006). As such, even though United States mitigation measures (NMFS, 2007) may have dramatically reduced ﬁsheries bycatch of albatrosses (Dietrich et al., 2008), bycatch rates from
other Paciﬁc Rim countries with absent or less stringent mitigation
and observer programs may signiﬁcantly affect short-tailed albatross populations. Our ﬁndings that chronic mortality (from both
natural and anthropogenic sources) is the most important threat
to short-tailed albatross population persistence underscores the
importance of closely monitoring short-tailed albatross cumulative
bycatch rates across all pertinent ﬁsheries, such that temporal
changes in the number of birds caught are rapidly detected.
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Fig. 7. Relative contribution of chronic (contaminant effects, disease, bycatch) and catastrophic (volcanic eruption) mortality on short-tailed albatross population growth
(lambda, denoted by the contour lines). The mean stochastic growth rate for the short-tailed albatross population on Torishima (1.058) is achieved at a 2.2% per year
probability of eruption and a chronic mortality rate of 0.8% per year. Short-tailed albatross population size declines when the population growth rate falls below 1.00.

In addition to ﬁsheries bycatch, exposure to marine pollutants
(e.g., organochlorines, plastic) and disease may also pose chronic
threats to short-tailed albatross. Persistent organic pollutants
(e.g., dioxins and related compounds) have been found in shorttailed albatross at concentrations similar to black-footed albatross
(Kunisue et al., 2006). Contaminant levels in black-footed albatross
are of concern (Auman et al., 1997) with a recent study reporting
signiﬁcant associations between organochlorine compounds and
altered immune function (Finkelstein et al., 2007). Consequently,
short-tailed albatross population viability may also be at risk from
contaminant-induced effects, especially with respect to compromised immune function. Immune function is important for disease
resistance and Weimerskirch (2004) suggested that disease outbreaks may have contributed to the 5–10% increase in adult mortality observed in the yellow-nosed albatross (Thalassarche
chlororhynchos) population on Amsterdam Island. Therefore,
although as yet undocumented, contaminant-related effects that
could lead to increased risk for disease transmission and infection
may be or become signiﬁcant sources of mortality for short-tailed
albatross.
Despite a paucity of demographic data for our focal species,
we were able to build stochastic models that allowed us to evaluate the relative effects of chronic and catastrophic threats on
short-tailed albatross population persistence. By borrowing data
from several albatross species, using short-tailed albatross census
data, and incorporating uncertainty throughout our analysis, we
were able to obtain clear results concerning short-tailed albatross general population dynamics and their likely response to
multiple potential threats. Nonetheless, direct estimates of
short-tailed albatross demographic rates from ﬁeld studies are
important to monitor the future population trajectory of this

species, which is especially relevant since this population is
one of the only albatross species in the world that is currently
showing robust growth, or even stability. In particular, we recommend that (1) annual censuses of the number of eggs laid and
ﬂedgling success be conducted for the two primary short-tailed
albatross colonies: Torishima and Senkaku, and (2) mark-recapture
studies be conducted at Torishima and Senkaku to estimate adult
and sub-adult survivorship as well as track changes in survivorship
over time.
Our results have direct relevance for the management of the
highly endangered short-tailed albatross. While a great deal of
concern has concentrated on the possible consequences of a volcanic eruption, less attention has focused on the possible effects from
increases or decreases in chronic mortality. Our work suggests that
eruptions are not likely to threaten the continued recovery of this
species, and that efforts to start a new population on a non-volcanic island, motivated by this perceived risk alone, may not be
needed. However, we fully support the need for (at the minimum)
a second population due to the possible future occurrence of
chronic threats (e.g., introduced predators, disease) on Torishima
or unanticipated effects of an eruption (i.e., lava ﬂows rendering
the entire island unsuitable for nesting for the foreseeable future).
Undeniably, a wide range of unforeseen circumstances could jeopardize the Torishima population, and a stable and protected second
population is paramount to assure the continued survival of shorttailed albatross.
In conclusion, short-tailed albatross are buffered against the
effects of localized environmental catastrophes due to their
wide-ranging foraging behavior and high capacity for population
growth, presumably driven by their current high adult survival
rates. Consequently, while the threat of a volcanic eruption is
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dramatic, a volcanic eruption is less likely to threaten
short-tailed albatross population viability than less dramatic,
but more continuous, threats to juvenile and adult survivorship
rates. Our ﬁndings on the relative effects of a realized natural
catastrophic event, a volcanic eruption, and chronic low-level
mortality demonstrate that a population’s vulnerability to catastrophes is dependent upon their species-speciﬁc behavior and
life history characteristics. Thus, at least for short-tailed albatross, catastrophes are not always the most ‘catastrophic’ threat
to survival.

Appendix A
Published albatross demographic rates used to assign parameter values for short-tailed albatross. Adult survivorship values are
annual for the age designated in the Age column. Sub-adult and
juvenile survivorship values are also annual rates for the age designated in the Age column; when annual rates were calculated
from total survivorship across multiple years, the total value is
listed next to the mean rate in parenthesis. Lambda (k) is the population growth rate. Missing values (–) were not available from cited reference.

Species

Colony site

Mean

SD

Age

k

Years

Reference

Adult survival
Amsterdam (Diomedea amsterdamensis)
Amsterdam (D. amsterdamensis)
Black-browed (Thalassarche melanophris)
Black-browed (T. melanophris)
Sooty (Phoebetria fusca)
Southern Buller’s (T. bulleri bulleri)
Wandering (D. exulans)
Wandering (D. exulans)
Waved (Phoebastria irrorata)
Yellow-nosed (T. chlororhynchos)
Yellow-nosed (T. chlororhynchos)

Amsterdam Island
Amsterdam Island
Kerguelen Island
Bird Island
Possession Island
Snares Island
Possession Island
Marion Island
Isla Española
Amsterdam Island
Amsterdam Island

0.969
0.957
0.906
0.933
0.898
0.9
0.932
0.942
0.92
0.862
0.857

0.051
0.018
0.005
–
0.005
0.086
0.055
0.008
–
0.048
0.005

5+
7+
6+
7+
9+
Breeder
6+
10+
9+
–
5+

1.025
1.04
0.998
0.936
0.931
–
0.987
1
–
–
0.964

1983–1996
1983–1993
1979–1995
1976–1998
1966–1995
1948–1968
1966–1992
1984–2000
1999–2005
1991–1997
1978–1995

Inchausti and Weimerskirch (2001)a
Weimerskirch et al. (1997)b
Weimerskirch and Jouventin (1998)b
Arnold et al. (2006)
Weimerskirch and Jouventin (1998)b
Sagar et al. (2000)b
Weimerskirch et al. (1997)a
Nel et al. (2003)b
Awkerman et al. (2006)
Weimerskirch et al. (2001)a
Weimerskirch and Jouventin (1998)b

Species

Colony site

Mean

SD

Age

Years

Reference

Probability of breeding
Laysan (P. immutabilis)
Yellow-nosed (T.chlororhynchos)
Yellow-nosed (T. chlororhynchos)

Midway Island
Gough Island
Tristan de Cunha

0.826
0.66
0.65

0.17
–
–

–
–
–

1960–1972
1982–2001
1984–1992

Fisher (1976)a
Cuthbert et al. (2003)
Cuthbert et al. (2003)

Amsterdam Island
Kerguelen Island
Bird Island
Bird Island
Possession Island
Marion Island
Possession Island
Isla Española
Amsterdam Island

0.96
0.697
0.497
0.78
0.839
0.899
0.783
0.92
0.660

0.063
0.072
–
–
0.117
0.004
0.141
–
0.073

0.5–5
0.5–6
1–3
4–7
0.5–9
1–9
1–5
1–8
0.5–5

1983–1996
1979–1995
1976–1998
1976–1998
1966–1995
1987–1999
1966–1984
1999–2005
1978–1995

Inchausti and Weimerskirch (2001)b
Weimerskirch and Jouventin (1998)
Arnold et al. (2006)
Arnold et al. (2006)
Weimerskirch and Jouventin (1998)
Nel et al. (2003)b
Weimerskirch et al. (1997)
Awkerman et al. (2006)
Weimerskirch and Jouventin (1998)

Sub-adult and Juvenile survival

Amsterdam (D. amsterdamensis)
Black-browed (T. melanophris)
Black-browed (T. melanophris)
Black-browed (T. melanophris)
Sooty (P. fusca)
Wandering (D. exulans)
Wandering (D. exulans)
Waved (P. irrorata)
Yellow-nosed (T. chlororhynchos)
a
b

(0.137)

(0.224)
(0.375)
(0.154)

Used to calculate average variances; data estimated from published ﬁgures or table values.
Used to calculate average variances; data from published text or tables.
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Short-tailed albatross attendance on Torishima during the breeding months of October–May, expressed as the probability of being
present in each month based on Laysan albatross data (Fisher and
Fisher, 1969). Typically, birds arrive to the colony in October, lay
their eggs in late October/November, incubate their eggs from
November to late December/January (when chicks hatch), and then

Age classes

October

November

December

January

February

March

April

May

% Attendance on colony
Adult breeding
Adult non-breeding
Sub-adult breeding
Sub-adult non-breeding
Immature – age 4
Immature – age 3
Immature – age 2
Immature – age 1

37.5
5
37.5
0
0
0
0
0

50
10
50
0
0
0
0
0

50
10
50
0
0
0
0
0

50
10
50
7.35
0
0
0
0

5
1
5
8.14
0
0
0
0

5
1
5
7.35
4.9
4.35
0.53
0

5
1
5
7.6
10.13
9
1.1
0.33

5
1
5
7.35
9.81
4.35
0.53
0
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rear their chicks through May. There is no colony attendance from
June to September.
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