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Biodiversity loss is a major global challenge of the 21st century. Ultimately, extinctions of species are determined by 
birth and death rates; thus, conservation management of at-risk species is dependent on robust demographic data. In 
this study, data gathered from 381 (227 females, 154 males) long-finned pilot whales (Globicephala melas edwardii) 
that died in 14 stranding events on the New Zealand coast between 2006 and 2017 were used to construct the first 
age- and sex-specific life tables for the subspecies. Survivorship curves were fitted to these data using (1) a tradi-
tional maximum likelihood approach, and (2) Siler’s competing-risk model. Life table construction and subsequent 
survival curves revealed distinct differences in the age- and sex-specific survival rates, with females outliving males. 
Both sexes revealed slightly elevated rates of mortality among the youngest age-classes (<2 years) with postweaning 
mortality rates decreasing and remaining relatively low until the average life expectancy is reached; 11.3 years for 
males and 14.7 years for females. Overall (total) mortality is estimated to be 8.8% and 6.8% per annum for males 
and females, respectively. The mortality curve resembles that of other large mammals, with high calf mortality, lower 
postweaning mortality, and an exponentially increasing risk of senescent mortality. An accelerated mortality rate was 
observed in mature females, in contrast to the closely related short-finned pilot whale (G. macrorhynchus), which 
selects for an extension to the postreproductive life span. The reason for the observed differences in the mortality 
rate acceleration and postreproductive life span between the two pilot whale species have not been established and 
warrant further investigation. Obtaining robust information on the life history of long-lived species is challenging, 
but essential to improve our understanding of population dynamics and help predict how future pressures may impact 
populations. This study illustrates how demographic data from cetacean stranding events can improve knowledge of 
species survival rates, thus providing essential information for conservation management.
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Given the unprecedented rates of biodiversity loss globally, 
evidence-based conservation policies are urgently required 
(Conde et al. 2019; Almond et al. 2020). Birth and death 
rates set the pace of population increase or decline and drive 
the expansion or extinction of a species. Therefore, demo-
graphic data are essential to inform species conservation 

policies and develop risk assessments (Conde et al. 2019). 
Life tables and survivorship curves have proven to be pow-
erful conservation tools when combined with demographic 
models that predict the susceptibility of certain age-classes 
to anthropogenic impacts (e.g., Crouse et al. 1987; Moore 
and Read 2008).
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Models of population viability are fundamentally based 
on age structure (Caughley 1977; Barlow and Boveng 1991). 
Determining the age structure of a population is, therefore, the 
essential first step when studying population dynamics (Evans 
and Hindell 2004). Further, the parameters that have been inter-
preted to reflect significant changes to population abundance or 
resource availability are those specific to age, for example, age 
at sexual maturation, age-specific fecundity rates, and growth 
parameters of individuals in the population (Caughley 1977; 
Evans and Hindell 2004). Additionally, determining age-at-
death of individuals removed by anthropogenic activities (e.g., 
drive fisheries or fisheries bycatch), or mass mortality events, 
is crucial not only for understanding the dynamics of a popula-
tion, but also for determining if particular ontogenetic groups 
are more or less at risk.

Survival and mortality rates can be inferred directly by fol-
lowing one or more cohorts through time, or indirectly from 
analysis of age distribution of live (Caughley 1966; Barlow 
and Boveng 1991) or dead (Caughley 1966; Stolen and Barlow 
2003) individuals. All methods involve assumptions that are 
unlikely to be fully satisfied but are often estimated well enough 
for practical purposes (Stolen and Barlow 2003). Life tables 
based on age-at-death data have been presented for several spe-
cies of large terrestrial mammals (e.g., Caughley 1966; Laws 
1968; Spinage 1972). However, obtaining robust estimates of 
survival probabilities for cetacean populations remains chal-
lenging, and published examples of age-structured life tables 
are rare (Barlow and Boveng 1991; Stolen and Barlow 2003).

In cetaceans, changes at the population level can occur due 
to stressors such as climate change, pollution, fishery-related 
activities, noise pollution, disease, and habitat degradation, 
and populations can vary in their ability to recover (Simmonds 
2018). For most cetacean species, stranding records provide 
the most accessible source of information about the population 
dynamics (Saavedra 2018). When stranding records are exam-
ined, four main types of strandings can be identified: (1) single 
strandings, (2) mass-stranding events (MSEs), (3) mass mor-
talities and unusual mortality events (UMEs), and (4) out of 
habitat situations (Moore et al. 2018). The majority of these 
events are single strandings, involving individuals that have 
either become ill or died before coming ashore, but occasion-
ally large groups of apparently healthy cetaceans strand live. 
Most cetaceans involved in an MSE often die in situ or a short 
distance away from the original stranding site (Martin et al. 
1987). It is not understood why apparently healthy cetaceans 
strand en masse, although there are a variety of both natural 
and anthropogenic hypotheses including coastal topography 
and oceanography (Brabyn and McLean 1992; Walker et al. 
2005; Brownlow et al. 2015; Hamilton 2018), meteorological 
and geomagnetic conditions (Evans et al. 2005; Bradshaw et al. 
2006; Mazzariol et al. 2011), seismic activity, and sonar noise 
(Fernandez et al. 2005; Southall et al. 2006, 2013; Brownlow et 
al. 2015). It is likely that a number of factors contribute to each 
stranding event, and these vary on a case-by-case basis. MSEs 
should not be confused with mass mortality events or UMEs 
where animals strand dead (or dying) over an extended period 
of time (Moore et al. 2018).

The long-finned pilot whale (LFPW; Globicephala melas) is 
among the species most often involved in live MSEs through-
out their range (Minton et al. 2018). Pilot whales tend to 
strand in large numbers of mixed ages and sexes on gently 
sloping beaches, and strandings often recur in a specific geo-
graphic area: for example, Cape Cod, Massachusetts, United 
States (McFee 1990; Wiley et al. 2001; Sweeney et al. 2005); 
Tasmania, Australia (Evans et al. 2005; Kemper et al. 2005; 
Gales et al. 2012; Beasley et al. 2019); and Golden Bay, New 
Zealand (Betty et al. 2020). Although the cause(s) of MSEs 
is often not determined (e.g., Bogomolni et al. 2010; Dolman 
et al. 2010), there is no doubt that strong social bonds exist 
within pilot whale groups (Olson 2018). Given that the mass-
stranded groups of LFPWs have been found to reflect the age 
and sex composition of entire pods driven ashore by fisheries 
(Sergeant 1982), and there is usually no reason to suspect that 
live mass-stranded groups are unrepresentative of free-ranging 
pods (Martin et al. 1987), MSEs provide a valuable opportunity 
to study the demography of the species.

The current study investigated the age structure, and age 
and sex-specific survivorship and mortality, of the Southern 
Hemisphere subspecies of LFPW, G. m. edwardii. Specifically, 
we present age- and sex-specific (1) life tables, (2) survivorship 
curves, and (3) mortality schedules for G. m. edwardii using 
age-at-death data collected from animals that did not survive 
stranding events on the New Zealand coast between 2006 and 
2017.

Materials and Methods
Age estimation.—Teeth from 405 LFPWs (239 females, 163 

males, and three of unknown sex) that died in 14 stranding 
events on the New Zealand coast between 2006 and 2017 were 
collected for age estimation purposes (Table 1). Sex was deter-
mined by gross examination of external genital opening. Age 
estimation was performed by counting annual growth layer 
groups (GLGs) in decalcified and stained longitudinal sec-
tions of teeth, as described by Perrin and Myrick (1980). Tooth 
preparation methods for this study were adapted from Lockyer 
(1993), and all sections were read by at least two individuals 
(for further explanation, see Betty et al. 2022). Individuals 
for which age could not be estimated reliably were excluded 
from further analysis. Ages from a total of 381 whales from 14 
stranding events (median 19.5, range 1–95 per stranding event), 
including 227 females (median 11.5, range 0–64 per strand-
ing event) and 154 males (median 9, range 0–31 per stranding 
event), were used to construct age- and sex-specific life tables, 
as detailed below.

Calves that did not possess a neonatal line in the tooth, or 
had a neonatal line forming, with no additional postnatal den-
tin, were classified as newborns. Individuals were considered 
weaned if they were older than 2 years, sexually immature if 
they were younger than the estimated age at attainment of sex-
ual maturity (ASM) for the population, or sexually mature if 
they were older than or equal to the estimated ASM, that is, 
13.5 and 6.7 years for males and females, respectively (Betty 
2019; Betty et al. 2019).
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Life tables, survivorship, and mortality rates.—Life tables, 
including age-specific survivorship (l

x
) and mortality (q

x
) rates 

for both male and female LFPWs, were constructed using two 
approaches: (1) following the traditional approach as described 
by Caughley (1966) and Krebs (1989), and (2) fitting the Siler 
competing-risk model (Siler 1979; Barlow and Boveng 1991; 
Bloch et al. 1993a; Stolen and Barlow 2003; Moore and Read 
2008) to smooth the age-at-death data. The life table calculations 
for both the traditional and Siler methods were constructed using 
estimated ages and are based on a hypothetical cohort of 1,000 
LFPWs. In order to construct these life tables, it was assumed 
that (1) MSEs of LFPWs on the New Zealand coast are represen-
tative of the population, (2) carcass recovery and tooth collection 
from MSEs were independent of age and sex, and (3) the popu-
lation has a stable age distribution and a zero-growth rate (often 
referred to as a stationary age distribution; Caughley 1966).

Traditional life tables have previously been applied to 
stranded cetaceans (e.g., Stolen and Barlow 2003; Evans and 
Hindell 2004; Murphy et al. 2007) where theoretical populations 
are constructed with corresponding abundance by age. Vectors 
of age-specific survival and mortality are then estimated from 
this population structure using the traditional method as given 
by Krebs (1989), where: n

x
 = the number of individuals alive at 

age x; d
x
 = the number of individuals dying during the age inter-

val x to x + 1; l
x
 = the proportion of the animals surviving to the 

start of age x (i.e., survivorship); q
x
 = the proportion of animals 

alive at age x that die before age x + 1 (i.e., mortality rate); e
x
 

= average (remaining) life expectancy for individuals at age x; ∑
dx/

∑
lx  = overall (total) annual average mortality rate.

Mortality and survival rates directly derived from observa-
tional age-at-death data are generally imprecise and may be 
biased (e.g., underrepresentation of young ages) and therefore 
model-based estimates are preferred (Saavedra 2018). In this 
study, the Siler model (Siler 1979) was used to smooth the age-
at-death data, and avoid violating the requirements of a ver-
tical life table (i.e., that the frequency of each age-class x is 

equal to or greater than age-class x + 1). The Siler model (Siler 
1979) was selected over the commonly used Gompertz model 
(Gompertz 1825) because the Siler model does not require any 
assumption on when the onset of aging occurs and therefore 
retains the expected relationships between juvenile, adult, and 
senescent life stages (Saavedra 2018; Lemaître et al. 2020). The 
Siler model adequately fits expected mortality patterns for a 
wide range of long-lived species, including marine mammals 
(Barlow and Boveng 1991; Stolen and Barlow 2003; Mannocci 
et al. 2012; Saavedra 2018; Lemaître et al. 2020). In the Siler 
model, survivorship at a given age l(x) is expressed as the prod-
uct of three competing risks as denoted in equation (1).

� l(x) = lj(x)× lc(x)× ls(x)  (1)

where: lj(x) = exp{(a1/b1 )[1 − exp(−b1x) ]} is an 
exponentially decreasing risk due to juvenile risk factors; 
lc(x) = exp{−a2x} represents a constant risk experienced by 
all age-classes; ls(x) = exp{(a3/b3 )[1 − exp(b3x) ]} is the 
exponentially increasing risk due to senescence; x is a given 
age and a

n
 and b

n
 are the Siler parameters. The total mortality 

at a given age µ(x) is the sum of the juvenile mortality µj(x), 
the constant mortality affecting all age-classes µc(x), and the 
senescent mortality µs(x), as denoted in equation (2).

� µ(x) = µj(x) + µc(x) + µs(x)  (2)

Total mortality can be calculated using the Siler parameters 
(a1, b1, a2, a3, b3) as denoted in equation (3).

� µ(x) = a1 exp (−b1x) + a2 + a3 exp(b3x)  (3)

The above equation describes the general shape of the mor-
tality curve using five parameters that account for initially 
increasing (and subsequently decreasing) risk of an individ-
ual dying at the beginning of life, a constant risk through life, 

Table 1.—Sex and maturity composition of long-finned pilot whales (Globicephala melas edwardii) that did not survive stranding on the New 
Zealand coast (2006–2017), by stranding event. No. strand = total number of whales involved in stranding event; No. dead = total number of 
whales that died during the stranding event; IF = immature female (< estimated attainment of sexual maturity [ASM] of 6.7 years; see Materials 
and Methods section); IM = immature male (< estimated ASM of 13.5 years; see Materials and Methods section); MF = mature female (≥ASM); 
MM = mature male (≥ASM); UK = unknown sex-maturity category.

Date Location No. strand No. dead IF IM MF MM UK 

12 December 2006 Muriwai, Auckland 1 1 0 0 0 1 0
23 January 2008 Farewell Spit, Golden Bay 34 14 2 2 2 2 6
25 December 2009 Farewell Spit, Golden Bay 105 105 15 14 19 12 45
23 January 2010 Port Levy, Banks Peninsula 54 16 7 5 4 0 0
14 February 2010 West Ruggedy Beach, Stewart Island 28 28 2 6 8 3 9
18 June 2010 Ruapuke, Waikato 20 20 3 4 9 4 0
22 September 2010 Te Horo Beach, Far North 49 40 5 6 20 7 2
4 February 2011 Port Puponga, Golden Bay 84 17 0 4 2 1 10
20 February 2011 Mason Bay, Stewart Island 107 107 14 17 50 14 12
14 November 2011 Farewell Spit, Golden Bay 65 65 3 11 23 7 21
6 January 2014 Farewell Spit, Golden Bay 39 39 4 13 16 3 3
14 January 2014 Farewell Spit, Golden Bay 99 98 0 5 15 4 74
3 November 2014 Muriwai, Auckland 1 1 1 0 0 0 0
10 February 2017 Farewell Spit, Golden Bay 600 200 1 6 2 3 188

1,286 751 57 93 170 61 370
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and increased risk due to senescence. The competing-risk 
Siler model was fitted to the LFPW age-at-death data using 
the Nelder and Mead (1965) optimization method imple-
mented in the “strandCet” package (Saavedra 2018) in R (R 
Development Core Team 2018).

Results
Age structure.—Age was estimated for 227 female and 

154 male LFPWs (Fig. 1) stranded in 14 independent events 
(Table 1). Age ranges or a minimum age were obtained from a 
further 22 whales due to difficulties in counting GLGs in their 
dentin and cementum; these individuals were not included 
in the subsequent life table construction. Females ranged 
from 0 to 38 years and males from 0 to 31 years (Fig. 1). The 
age-specific male sample was composed of younger individu-
als than the female sample, with 28% of males younger than 
5 years and 90% younger than 20 years, compared with 18% 
of females younger than 5 years and 71% younger than 20 
years. Overall, the data set was dominated by sexually imma-
ture individuals of both sexes (n = 150) and sexually mature 
females (n = 170) with a smaller number of mature males 
(n = 61; Table 1) and very few males older than 20 years  
(n = 12; Fig. 1).

Life tables, survivorship, and mortality rates.—Life table 
construction (Supplementary Data SD1–SD3) and subsequent 
survival (Fig. 2) and mortality curves (Fig. 3) showed distinct 
differences in the age- and sex-specific survival and mortal-
ity rates for New Zealand LFPWs. The traditional life table 
(Supplementary Data SD1) estimates the average life expec-
tancy at birth to be 13.6 years, while the sex-specific model life 
tables estimate average life expectancy to be 11.3 years and 
14.7 years for males and females, respectively (Supplementary 

Data SD2 and SD3). Males exhibited much lower postweaning 
(>2 years) survival rates than females (Fig. 2).

Using data from the traditional life table (Supplementary Data 
SD1), the overall (total) mortality for the population of LFPWs 
in New Zealand waters is estimated to be approximately 7.3% 
per annum. Using data from the sex-specific model life tables 
(Supplementary Data SD2 and SD3), the overall (total) mor-
tality is estimated to be 8.8% and 6.8% per annum for males 
and females, respectively. Both sexes showed slightly elevated 
rates of mortality among the youngest age-classes (<2 years) 
with postweaning mortality rates decreasing and remaining low 
until 11 years of age for males and 15 years of age for females 
(Supplementary Data SD2 and SD3; Fig. 3). Following which, 
mortality rates increase sharply in adult males and more gradu-
ally in adult females (Fig. 3).

Discussion
Firstly, it must be acknowledged that the demographic data 
presented in this study have been collected solely from strand-
ing events, which may not provide a true representation of the 
stable age distribution of the population. Stranded groups may 
represent subgroups rather than the entire pod, resulting in 
some individuals being missed in the sample by chance. It also 
is possible that some demographic subgroups are less likely 
to strand en masse, or more likely to survive stranding events 
and were therefore not sampled (Betty et al. 2022). In this 
study, age and sex were not always determined for all individ-
uals in large MSEs (Table 1). While this potential bias cannot 
be ignored, this study is based on a large, minimally biased 
sample (i.e., particular ontogenetic groups were not favored, 
except 2 out of 12 MSEs where adult males were targeted for 
gonadal sampling; see Betty et al. 2019) that likely reflects 

Fig. 1.—Age distribution of female (n = 227), male (n = 154), and unknown sex (n = 3) long-finned pilot whales (Globicephala melas edwardii) 
mass-stranded on the New Zealand coast between 2006 and 2017.
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the true age distribution of the MSEs, and also the local New 
Zealand population (Betty 2019). In a New Zealand context, 
mass-stranded LFPW groups are biased toward females, par-
ticularly within the adult age-classes, while a male bias is 
reported in juveniles (Betty 2019; Betty et al. 2020). However, 
the predominance of females also appears to be a common 
observation in groups of both captured (Sergeant 1962, Bloch 
et al. 1993b) and mass stranded (Martin et al. 1987; Betty et 
al. 2020; Ball et al. 2022) LFPWs globally. Despite potential 
selection bias with data derived from stranded individuals, the 
frequent MSEs of LFPWs on the New Zealand coast (in large 
groups of mixed ages and sexes; see Table 1 and Betty et al. 

2020) provides a valuable opportunity to collect demographic 
data.

Age structure.—The age structure of any population of ani-
mals at a given point in time is a factor of mortality and recruit-
ment into that population. The age-specific data set of LFPWs 
stranded on the New Zealand coast comprised immature and 
mature individuals of both sexes, though among the matures 
there were many more females than males (Table 1). The sam-
ple of stranded LFPWs in this study, and therefore the “popu-
lation” from which survival was estimated, resulted in different 
age structures for males and females, with very few (n = 12) 
males older than 20 years of age (Fig. 1).

The small proportion of males greater than 20 years in this 
dataset may be the result of older (mature) males being less 
likely to strand (or having a higher refloat success than other 
ontogenetic groups), possibly as a consequence of (1) the dis-
persal of older (mature) males from natal groups into male-only 
groups and/or (2) forming temporary associations with other 
matrilineal groups for breeding (Betty et al. 2019). Mature 
males may be unlikely to suffer MSE-related mortality when 
in groups other than their natal group (due to social bonds not 
being established or reinforced).   In addition, if male-only 
groups of LFPWs inhabit waters further offshore, they would 
be less likely to encounter land and subsequently strand, and 
they would also be unencumbered by calves and juveniles.

Based on limited genetic evidence, it has been proposed that 
while male LFPWs mostly remain within their natal group, 
they do not father calves within the group, suggesting at least 
some temporary male dispersal for mating purposes (Amos et 
al. 1993). Within the North Atlantic, occasional observations 
of male-only LFPW groups have been reported (Sergeant 
1962, Bloch 1992, Desportes et al. 1993) and the occurrence 
of “bachelor groups” have been well-documented in another 
odontocete species, the sperm whale  Physeter macrocepha-
lus (Best 1979; Jaquet et al. 2000; Lettevall et al. 2002).  Male 
dispersal could potentially explain the prevalence of females 
in groups of both captured (Sergeant 1962, Bloch et al. 1993b) 
and mass stranded (this study; Martin et al. 1987; Betty et al. 
2020; Ball et al. 2022) LFPWs. For G. m. edwardii, this is diffi-
cult to confirm due to the lack of observational and other avail-
able data on the subspecies. Further molecular studies, using 
samples collected from complete groups are required to enable 
a thorough assessment of the social structure of the species. 
However, there is some genetic evidence that MSEs of LFPWs 
on the coasts of Scotland, Tasmania, and New Zealand can con-
tain multiple matrilines in a single event (Oremus et al. 2013; 
Ball et al. 2022). Thus, it has been suggested that both LFPW 
subspecies form associations comprising multiple matrilineal 
groups (Oremus et al. 2013; Ball et al. 2022), as also supported 
by behavioural studies of G. m. melas in the north-west Atlantic 
(Ottensmeyer and Whitehead 2003; Augusto et al. 2017).

Alternatively, these stranding data may be representative of 
the population, with higher (natural or anthropogenic) mortal-
ity in males relative to females for all or part of their life span, 
resulting in females outnumbering males of a similar age (espe-
cially in adulthood). Reduced longevity of males, relative to 
their female conspecifics, is a common feature of mammalian 

Fig. 2.—Age-specific survivorship (lx) for male and female long-
finned pilot whales (Globicephala melas edwardii) mass-stranded on 
the New Zealand coast between 2006 and 2017. Points are based on 
traditional life table calculations (lx) and smoothed curves were fitted 
using the Siler model (Siler lx). Age-class = age x to x + 1.

Fig. 3.—Age-specific mortality rates (qx) for male and female long-
finned pilot whales (Globicephala melas edwardii) mass-stranded on 
the New Zealand coast between 2006 and 2017. Points are based on 
traditional life table calculations (qx) and smoothed curves were fitted 
using the Siler model (Siler qx). Age-class = age x to x + 1.
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populations, including LFPWs (Betty et al. 2022), and may be 
influenced by the interactions between sex-specific costs of 
sexual selection and local environmental conditions (Lemaître 
et al. 2020). In cetaceans, these include costs associated with 
social structure and sex differences in ranging patterns (Stolen 
and Barlow 2003), and mate selection in polygynous mating 
systems (Ralls et al. 1980). If male LFPWs do indeed emigrate 
from their natal group (and move between groups), males that 
travel alone or in small groups may be more vulnerable to pre-
dation (Stolen and Barlow 2003). Male LFPWs also display 
significant sexual size (males larger than females) and shape 
dimorphism, potential fitness-related traits that are energeti-
cally costly and associated with mate selection (Bloch et al. 
1993c; Betty et al. 2022).

It is also possible that higher male mortality may be related to 
disease and/or pollutant burden.  For example, sharp decreases 
in survival probabilities have been reported for G. m. melas in 
the Strait of Gibraltar following morbillivirus epizootics, which 
have also been linked to high organochlorine (OC) contaminant 
concentrations in this population (Lauriano et al. 2014, Pons et 
al. 2022). These morbillivirus outbreaks have been observed 
to affect sexes differently, with male LFPWs showing a more 
severe decrease in survival rate compared to females (Pons et 
al. 2022). This finding supports the idea that high OC concen-
trations could affect immunity, with females being less affected 
due to their ability to offload contaminants through pregnancy 
and lactation (Aguilar and Borrell 1988). With the exception of 
a recent study examining trace element concentrations (Lischka 
et al. 2021), very little information is available on the pollutant 
burden of G. m. edwardii in New Zealand waters. Further inves-
tigation is required to examine current levels of organochlo-
rine and other emerging contaminants in G. m. edwardii and to 
identify any population-level impacts.

Life tables, survivorship, and mortality rates.—Methods 
of estimating mortality rates from age-at-death data assume 
that age-specific fecundity and mortality are stable and that 
the exponential rate of increase has been, and is currently, 
zero (Caughley 1966; Caughley and Sinclair 1994; Evans and 
Hindell 2004). This assumption is difficult to validate—the age 
structures of real populations are often not stable, resulting in 
differing amounts of variation around life table parameters. To 
account for this variation, Caughley (1977) proposed a mini-
mum sample size of 150 for accurately estimating survival. It 
is often difficult to obtain such large sample sizes for cetaceans 
but it was possible in this study due to the high frequency of 
LFPW MSEs on the New Zealand coast (Betty et al. 2020). 
Further, long-lived species such as delphinids are buffered 
from perturbations from stable age distribution due to their 
long reproductive period and high rates of survival (Stolen and 
Barlow 2003). The age-at-death data reported here are based on 
an 11-year time series that also acts to average out the devia-
tions that might be present in any given year.

In populations that are not stationary, vertical estimates of 
survivorship (i.e., based on the age structure of a population 
at a specific point in time) overestimate mortality rates when 
compared to those derived from a horizontal perspective (i.e., 

based on the fate of a cohort followed through time; Olesiuk 
et al. 1990; Evans and Hindell 2004). Apparent changes in the 
mortality of older groups are influenced not only by the deaths 
of older individuals but also by changes in the initial sizes of 
cohorts through time. The extent of this bias is a function of the 
true mortality rate and the population growth rate (Evans and 
Hindell 2004). It is recognized that the survival and mortality 
rates presented here are tentative; nevertheless, they still pro-
vide a basis for relative comparisons between (sub)species and 
populations.

The overall survival curve for G. m. edwardii in New Zealand 
waters (Fig. 2) is typical of mammals and other long-lived spe-
cies (Spinage 1972; Stolen and Barlow 2003). The sex-specific 
survival curves show that females have higher postweaning 
(Betty 2019) survival rates relative to males after 2 years of age, 
with the difference being particularly marked around the age 
of 20 years. Mortality curves created from these life table data 
using the Siler model (Fig. 3) approximate the typical U-shaped 
curves of other large mammals (Caughley 1966; Spinage 1972) 
but with lower than expected mortality in animals younger than 
2 years old. Again, there are differences between the sexes with 
males displaying higher mortality rates in the adult years.

Large differences in mortality with age and sex occur in many 
mammals. Higher mortality among the very young has been 
observed in both terrestrial (Caughley 1966) and marine mam-
mals. For example, high neonate mortality has been reported 
for New Zealand sea lions (Phocarctos hookeri, neonatal mor-
tality rate = 0.14; Castinel et al. 2007) and cetaceans such as 
Atlantic spotted dolphins (Stenella frontalis, yearling mortality 
rate = 0.24; Herzing 1997) and common bottlenose dolphins 
(Tursiops truncatus, yearling mortality rate = male: 0.11 and 
female: 0.08; Stolen and Barlow 2003). Causes of high calf 
mortality in cetaceans are difficult to identify, though it is likely 
that factors such as nutrition, social interactions, predation pres-
sures, and maternal transfer of pollutant load have compound-
ing effects (Stolen and Barlow 2003; Wells et al. 2005). High 
neonate and calf mortality has been reported for LFPWs (G. m. 
melas) captured in drive fisheries in the Faroe Islands (yearling 
mortality rate = female: 0.15; Bloch et al. 1993a), but was not 
as pronounced for SFPWs captured in drive fisheries in Japan 
(yearling mortality rate = male: 0.10 and female 0.07; Kasuya 
and Marsh 1984), or stranded LFPWs in the current study (first-
year mortality rate = male: 0.08 and 0.06: female). It would 
usually be expected that the actual proportion of calves dying 
in the population may be underestimated by the number of sin-
gle-stranded or beach cast carcasses recorded due to the more 
rapid decomposition, greater vulnerability to predation, and the 
lower detection probability of small-sized animals (Stolen and 
Barlow 2003). However, age data in this study were predomi-
nantly obtained from live MSEs, which (although still poten-
tially biased) are likely to be representative of the free-ranging 
groups (Sergeant 1982).

Overall (total) average annual mortality rates for G. m. 
edwardii (males 8.8% and females 6.8%) are comparable to 
those previously estimated for G. m. melas (males ~8% and 
females ~7%; Bloch et al. 1993a). However, SFPWs appear 
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to have considerably lower overall female mortality rates than 
LFPWs (total average annual mortality rates: males 8.3% 
and females 4.5%; Kasuya and Marsh 1984). Female SFPWs 
caught in Japanese drive fisheries show high juvenile mortality, 
followed by a period of lower mortality during prime repro-
ductive years, and then a higher mortality rate in the postre-
productive or senescent years (>40 years of age; Kasuya and 
Marsh 1984; Ellis et al. 2018b). In contrast, the results of this 
study suggest that female G. m. edwardii show a pattern of 
mortality more similar to G. m. melas. Both LFPW subspecies 
do not exhibit a pronounced period of relative stability and low 
mortality during midlife—rather, they show a relatively stable 
period of low mortality until their teens, followed by a steady 
decline with age (in a similar manner to the males; Bloch et al. 
1993a; Ellis et al. 2018b).

The greatest decrease in survival rate of mature female G. m. 
edwardii occurred between 20 and 30 years of age (this study), 
compared to between 30 and 40 years for mature female G. 
m. melas (Bloch et al. 1993a), which may be explained by 
their relative longevity (i.e., G. m. edwardii: 38 years vs. G. m. 
melas: 59 years; Betty et al. 2022). For species that have been 
reported to live longer, for example, female SFPWs (longev-
ity 64.5 years) and resident killer whales (longevity 80 years), 
a relatively stable rate of survival was observed during adult-
hood, followed by a decrease in survival between the ages of 
30 and 45 years (Kasuya and Marsh 1984; Olesiuk et al. 1990). 
However, both SFPWs and resident killer whales appear to 
have selected for an extension of the postreproductive life span 
(Foote 2008). The proportion of the adult life span that is post-
reproductive (postreproductive representation; PrR) is 0.31 in 
resident killer whales and 0.26 in SFPWs (Kasuya and Marsh 
1984; Foote 2008; Ellis et al. 2018a, 2018b). In contrast, no sig-
nificant PrR (0.002), but rather an acceleration in the mortality 
rate, is observed in G. m. melas (Bloch et al. 1993a; Ellis et al. 
2018a, 2018b).

The observed variation in life-history strategies between 
the two pilot whale species may in part be due to the social 
organization within stable social groups and the benefits of 
cooperative foraging and multigenerational transfer of infor-
mation (Marsh and Kasuya 1984; Whitehead 2015; Ellis et al. 
2018b; Betty 2019). The social structure of pilot whale pods 
is thought to be similar to that of killer whales (Olson 2018) 
but the reason for the observed differences in the acceleration 
of mortality rates and postreproductive life spans between the 
two pilot whale species has not been established (Foote 2008; 
Ellis et al. 2018b). Other species with longevity closer to G. m. 
edwardii (e.g., common bottlenose dolphins from the Indian 
River Lagoon system, longevity 35 years; Stolen and Barlow 
2003) also do not show a stable period of low mortality during 
midlife, but instead a gradual decline and greatest decrease in 
survival between 20 and 30 years. Increases in birth-related 
mortality, susceptibility to predation due to the care and pro-
tection of young and greater energetic demands on females 
associated with gestation and lactation may affect the survival 
of females in the later reproductive years, as suggested for 
sperm whales (Evans and Hindell 2004). Overall, there is still a 

considerable amount to learn about the interplay between odon-
tocete population dynamics, social structure, and life history.

This 11-year study is the first comprehensive demographic 
assessment of the Southern Hemisphere LFPW and provides 
essential information to parameterize future population via-
bility assessments. In a changing world, information on pop-
ulation demography and age- and sex-specific survival rates 
will be an increasingly important part of conservation status 
assessments (Arso Civil et al. 2019). Demographic data, when 
collected in a standardized and comprehensive manner, offer 
an ability to assess changes in population parameters over time, 
providing essential information for conservation management. 
The approach used in this study is broadly applicable to data 
gathered by stranding networks in other areas. With dedicated 
collection of life-history samples, similar age- and sex-specific 
survival models can be developed for other cetacean popula-
tions and used to explore the impacts of environmental change.

Acknowledgments
We thank the public for reporting stranded pilot whales around 
the coasts of New Zealand, and local iwi and hapū (Indigenous 
New Zealanders) for supporting scientific data and sample 
collection. We also thank the New Zealand Department of 
Conservation (especially M. Ogle, H. Hendriks, L. Boren, and 
A. van Helden) for collecting data from stranded whales, facili-
tating postmortem sampling (often in challenging locations and 
weather conditions), and for curating the New Zealand Whale 
and Dolphin Stranding Database. The following research assis-
tants are thanked for providing valuable support during MSEs; 
J. Barker, T. Beatson, M. Betty, B. Carle, S. Dwyer, J. Fay, S. 
Gardiner, N. Hannam, S. Hannam, J. Hiscox, S. Honetana, O. 
Howarth, R. Jarvis, E. Martinez, M. Merriman, S. O’Shea, W. 
L. White, J. Williams and with histological preparation of teeth; 
and R. McGeady, J. Dirks, D. Doyle, C. Walker, K. Cooper, 
and T. Helliwell. The sample collection and research con-
ducted in this manuscript was approved under marine mammal 
research permits Per/HO/2008/02, AK-31924-MAR RNW/
NO/2011/03, and 39635-MAR issued to ELB by the New 
Zealand Department of Conservation.

Funding
Manuscript preparation was supported by an Auckland 
University of Technology Doctoral Scholarship, Graduate 
Women New Zealand Postgraduate Fellowship, Claude 
McCarthy Fellowship, Kate Edger Educational Charitable Trust 
Doctoral Award (ELB), Marie Curie International Outgoing 
Fellowship (SM), and Rutherford Discovery Fellowship (KAS).

Supplementary Data
Supplementary data are available at Journal of Mammalogy 
online.

Supplementary Data SD1.—Life table for both sexes 
(including unknown sex) of long-finned pilot whale 

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/104/1/39/6776007 by M
assey U

niversity user on 28 N
ovem

ber 2024



46	 Journal of Mammalogy	

(Globicephala melas edwardii) based on individuals mass-
stranded on the New Zealand coast between 2006 and 2017 
(n = 384) and scaled up for a hypothetical population of 1,000 
individuals.

Supplementary Data SD2.—Life table for male long-finned 
pilot whales (Globicephala melas edwardii) based on individu-
als mass-stranded on the New Zealand coast between 2006 and 
2017 (n = 154) and scaled up for a hypothetical population of 
1,000 individuals.

Supplementary Data SD3.—Life table for female long-
finned pilot whales (Globicephala melas edwardii) based on 
individuals mass-stranded on the New Zealand coast between 
2006 and 2017 (n = 227) and scaled up for a hypothetical pop-
ulation of 1,000 individuals

Literature Cited
Aguilar A., Borrell A. 1988. Age- and sex-related changes in organo-

chlorine compound levels in fin whales (Balaenoptera physalus) 
from the eastern North Atlantic. Marine Environmeantal Research 
25:195–211. 

Almond R.E., Grooten M., Peterson T. 2020. Living Planet Report 
2020—bending the curve of biodiversity loss. World Wildlife Fund.

Amos B., Barrett J., Bancroft D., Majures T., Bloch D., Desportes G., 
Dover G. 1993. A review of molecular evidence relating to social 
organization and breeding system in the long-finned pilot whale. 
Reports of the International Whaling Commission Special Issue 
14:209–217.

Arso Civil M., Cheney B., Quick N.J., Islas-Villanueva V., Graves J.A., 
Janik V.M., Thompson P.M., Hammond P.S. 2019. Variations in age- 
and sex-specific survival rates help explain population trend in a dis-
crete marine mammal population. Ecology and Evolution 9:533–544.

Augusto J.F., Frasier T.R., Whitehead H. 2017. Social structure of 
long-finned pilot whales (Globicephala melas) off northern Cape 
Breton Island, Nova Scotia. Behaviour 154:509–540. 

Ball R.J., Kitchiner A., Davison N.J., Brownlow A., Berrow S., 
McKeown N.J., IJsseldijk L.L., Geary M., McDowall I., Muir A.P. 
2022. New haplotypes found in stranded long-finned pilot whales 
(Globicephala melas) in the eastern North Atlantic and adjacent 
waters. Marine Mammal Science 38:898–912. 

Barlow J., Boveng P. 1991. Modeling age-specific mortality 
for marine mammal populations. Marine Mammal Science 
7:50–65.

Beasley I., Cherel Y., Robinson S., Betty E., Hagihara R., Gales R. 
2019. Stomach contents of long-finned pilot whales, Globicephala 
melas mass-stranded in Tasmania. PLoS ONE 14:e0206747.

Best P.B. 1979. Social organization in sperm whales, Physeter mac-
rocephalus. In: Winn H.E., Olla B.L., editors. Behavior of marine 
animals: current perspectives in research. Springer; p. 227–289.

Betty E.L. 2019. Life history of the long-finned pilot whale 
(Globicephala melas edwardii); insights from strandings on 
the New Zealand coast. Ph.D. thesis, Auckland University of 
Technology, Auckland, New Zealand.

Betty E.L., Bollard B., Murphy S., Ogle M., Hendriks H., Orams 
M.B., Stockin K.A. 2020. Using emerging hot spot analysis of 
stranding records to inform conservation management of a data-
poor cetacean species. Biodiversity and Conservation 29:643–665.

Betty E.L., Stockin K.A., Hinton B., Bollard B.A., Smith A.N.H., 
Orams M.B., Murphy S. 2022. Age, growth, and sexual dimorphism 
of the Southern Hemisphere long-finned pilot whale (Globicephala 
melas edwardii). Journal of Mammalogy 103:560–575.

Betty E.L., Stockin K.A., Smith A.N.H., Bollard B., Orams M.B., 
Murphy S. 2019. Sexual maturation in male long-finned pilot 
whales (Globicephala melas edwardii): defining indicators of sex-
ual maturity. Journal of Mammalogy 100:1387–1402.

Bloch D. 1992. Studies on the long-finned pilot whale in the Faroe 
Islands, 1976–1986. Fróðskaparrit 38–39:35–61.

Bloch D., Lockyer C., Zachariassen M. 1993a. Age and growth param-
eters of the long-finned pilot whale off the Faroe Islands. Reports 
of International Whaling Commission Special Issue 14:163–208.

Bloch D., Desportes G., Mouritsen R., Skaaning S., Stefansson E. 
1993b. An introduction to studies of the ecology and status of the 
long-finned pilot whale (Globicephala melas) off the Faroe Islands, 
1986–1988. Reports of the International Whaling Commission 
Special Issue 14:1–32.

Bloch D., Zachariassen M., Zachariassen P. 1993c. Some external 
characters of the long-finned pilot whale off the Faroe Islands and 
a comparison with the short-finned pilot whale. Reports of the 
International Whaling Commission Special Issue 14:118–135.

Bogomolni A.L., Pugliares K.R., Sharp S.M., Patchett K., Harry 
C.T., LaRocque J.M., Touhey K.M., Moore M. 2010. Mortality 
trends of stranded marine mammals on Cape Cod and south-
eastern Massachusetts, USA, 2000 to 2006. Diseases of Aquatic 
Organisms 88:143–55.

Brabyn M.W., McLean I.G. 1992. Oceanography and coastal topog-
raphy of herd-stranding sites for whales in New Zealand. Journal 
of Mammalogy 73:469–476.

Bradshaw C.J.A., Evans K., Hindell M.A. 2006. Mass ceta-
cean strandings—a plea for empiricism. Conservation Biology 
20:584–586.

Brownlow A., Bally J., Dagleish M., Deaville R., Foster G., Jensen 
S.K., Krupp E., Law R., Penrose R., Perkins M., Read F., Jepson 
P. 2015. Investigation into the long-finned pilot whale mass strand-
ing event, Kyle of Durness, 22nd July 2011. Department for 
Environment Food and Rural Affairs (DEFRA) Scottish Marine 
Animal Stranding Scheme. 60p.

Castinel A., Duignan P.J., Pomroy W.E., López-Villalobos N., Gibbs 
N.J., Chilvers B.L., Wilkinson I.S. 2007. Neonatal mortality in 
New Zealand sea lions (Phocartos hookeri) at Sandy Bay, Enderby 
Island, Auckland Islands from 1998 to 2005. Journal of Wildlife 
Diseases 43:461–74.

Caughley G. 1966. Mortality patterns in mammals. Ecology 
47:906–918.

Caughley G. 1977. Analysis of vertebrate populations. Wiley.
Caughley G., Sinclair A.R.E. 1994. Wildlife ecology and manage-

ment. Blackwell Science, Cambridge, United Kingdom.
Conde D.A., et al. 2019. Data gaps and opportunities for comparative 

and conservation biology. Proceedings of the National Academy of 
Sciences of the United States of America 116:9658–9664.

Crouse D.T., Crowder L.B., Caswell H. 1987. A stage-based popula-
tion model for loggerhead sea turtles and implications for conser-
vation. Ecology 68:1412–1423.

Desportes G., Andersen L., Aspholm P., Bloch D., Mouritsen R. 1993. 
A note about a male-only pilot whale school observed in the Faroe 
Islands. Frodskaparrit 40:31–38.

Dolman S., et al. 2010. A note on the unprecedented strandings 
of 56 deep-diving whales along the UK and Irish coast. Marine 
Biodiversity Records 3:1–8.

Ellis S., Franks D.W., Nattrass S., Cant M.A., Bradley D.L., Giles D., 
Balcomb K.C., Croft D. P. 2018a. Postreproductive lifespans are 
rare in mammals. Ecology and Evolution 8:2482–2494.

Ellis S., Franks D.W., Nattrass S., Currie T.E, Cant M.A., Giles D., 
Balcomb K.C., Croft D. P. 2018b. Analyses of ovarian activity 

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/104/1/39/6776007 by M
assey U

niversity user on 28 N
ovem

ber 2024



BETTY ET AL.—SURVIVORSHIP OF SOUTHERN HEMISPHERE PILOT WHALES 47

reveal repeated evolution of post-reproductive lifespans in toothed 
whales. Scientific Reports 8:12833.

Evans K., Hindell M.A. 2004. The age structure and growth of female 
sperm whales (Physeter macrocephalus) in southern Australian 
waters. Journal of Zoology 263:237–250.

Evans K., Thresher R., Warneke R.M., Bradshaw C.J.A., Pook M., 
Thiele D., Hindell M.A. 2005. Periodic variability in cetacean 
strandings: links to large-scale climate events. Biology Letters 
1:147–50.

Fernandez A., Edwards J., Rodriguez F., Espinosa de los Monteros A., 
Herraez P., Castro P., Jaber J., Martin A.R., Arbelo M. 2005. Gas 
and fat embolic syndrome involving a mass stranding of beaked 
whales (family Ziphiidae) exposed to anthropogenic sonar signals. 
Veterinary Pathology 42:446–457.

Foote A. 2008. Mortality rate acceleration and post-reproductive 
lifespan in matrilineal whale species. Biology Letters 4:189–191.

Gales R., Alderman R., Thalmann S., Carlyon K. 2012. Satellite 
tracking of long-finned pilot whales (Globicephala melas) follow-
ing stranding and release in Tasmania, Australia. Wildlife Research 
39:520–531.

Gompertz B. 1825. On the nature of the function expressive of the law 
of human mortality, and on a new mode of determining the value of 
life contingencies. Philosophical Transactions of the Royal Society 
of London 115:513–583.

Hamilton L.J. 2018. Large mass strandings of selected odontocete 
species: statistics, locations, and relation to earth processes. Journal 
of Cetacean Research Management 19:57–78.

Herzing D.L. 1997. The life history of free-ranging Atlantic spotted 
dolphins (Stenella frontalis): age classes, color phases, and female 
reproduction. Marine Mammal Science 13:576–595.

Jaquet N., Dawson S., Slooten E. 2000. Seasonal distribution and div-
ing behaviour of male sperm whales off Kaikoura: foraging impli-
cations. Canadian Journal of Zoology 78:407–419.

Kasuya T., Marsh H. 1984. Life history and reproductive biology of 
the short-finned pilot whale, Globicephala macrorhynchus, off 
the Pacific Coast of Japan. Reports of the International Whaling 
Commission Special Issue 6:259–310.

Kemper C., Flaherty A., Gibbs S., Hill M., Long M., Byard R. 2005. 
Cetacean captures, strandings and mortalities in South Australia 
1881–2000, with special reference to human interactions. 
Australian Mammalogy 27:37–47.

Krebs C.J. 1989. Ecological methodology. Harper Collins Publishers, 
New York City, New York, USA.

Lauriano G., Di Guardo G., Marsili L., Maltese S., Fossi M.C. 2014. 
Biological threats and environmental pollutants, a lethal mixture 
for mediterranean cetaceans? Journal of the Marine Biological 
Association of the United Kingdom 94:1221–1225. 

Laws R.M. 1968. Dentition and ageing of the hippopotamus. African 
Journal of Ecology 6:19–52.

Lemaître J.-F., et al. 2020. Sex differences in adult lifespan and 
aging rates of mortality across wild mammals. Proceedings of the 
National Academy of Sciences of the United States of America 
117:8546–8553.

Lettevall E., Richter C., Jaquet N., Slooten E., Dawson S., Whitehead 
H., Christal J., Howard P.M. 2002. Social structure and residency in 
aggregations of male sperm whales. Canadian Journal of Zoology 
80:1189–1196.

Lockyer C. 1993. A report on patterns of deposition of dentine 
and cement in teeth of pilot whales, genus Globicephala. 
Reports of the International Whaling Commission Special Issue 
14:137–161.

Lischka A., Betty E.L., Braid H.E., Pook C.J., Gaw S., Bolstad K.S.R. 
2021. Trace element concentrations, including Cd and Hg, in long-
finned pilot whales (Globicephala melas edwardii) mass stranded 
on the New Zealand coast. Marine Pollution Bulletin 165:112084.

Mannocci L., Dabin W., Augeraud-Véron E., Dupuy J.-F., Barbraud 
C., Ridoux V. 2012. Assessing the impact of bycatch on dolphin 
populations: the case of the common dolphin in the eastern North 
Atlantic. PLoS ONE 7:e32615.

Marsh H., Kasuya T. 1984. Changes in the ovaries of the short-finned 
pilot whale, Globicephala macrorhynchus, with age and reproduc-
tive activity. Reports of the International Whaling Commission 
Special Issue 6:311–335.

Martin A.R., Reynolds P., Richardson M. G. 1987. Aspects of the biol-
ogy of pilot whales (Globicephala melaena) in recent mass strand-
ings on the British coast. Journal of Zoology 211:11–23.

Mazzariol S., et al. 2011. Sometimes sperm whales (Physeter mac-
rocephalus) cannot find their way back to the high seas: a multidis-
ciplinary study on a mass stranding. PLoS ONE 6:e19417.

McFee W. 1990. An analysis of mass stranding of the long-finned 
pilot whale, Globicephala melaena, on Cape Cod. Master’s thesis, 
Northeastern University, Boston, Massachusetts, USA.

Minton G., Reeves R., Braulik G. 2018. Globicephala melas. In: IUCN 
2018. The IUCN Red List of Threatened Species. e.T9250356171. 
www.iucnredlist.org. Accessed January 7, 2019.

Moore J.E., Read A.J. 2008. A Bayesian uncertainty analysis of ceta-
cean demography and bycatch mortality using age-at-death data. 
Ecological Applications 18:1914–1931.

Moore K.M., Simeone C.A., Brownell R.L. 2018. Strandings. 
In: Würsig B., Thewissen J.G.M., Kovacs K.M., editors. 
Encyclopedia of marine mammals. 3rd ed. Academic Press; p. 
945–951.

Murphy S., Dabin W., Ridoux V., Morizur Y., Larsen F., Rogan E. 
2007. Estimation of Rmax for the common dolphin in the Northeast 
Atlantic. NECESSITY Contract 501605 Periodic Activity Report 
No. 2 - Annex 8.4. 11p.

Nelder J.A., Mead R. 1965. A simplex method for function minimiza-
tion. The Computer Journal 7:308–313.

Olesiuk P.F., Bigg M.A., Ellis G.M. 1990. Life history and population 
dynamics of resident killer whales (Orcinus orca) in the coastal 
waters of British Columbia and Washington State. Report of the 
International Whaling Commission Special Issue 12:209–243.

Olson P.A. 2018. Pilot Whales: Globicephala melas and G. macro-
rhynchus. In: Würsig B., Thewissen J.G.M., Kovacs K.M., editors. 
Encyclopedia of marine mammals. 3rd ed. Academic Press; p. 
701–705.

Oremus M., Gales R., Kettles H., Baker C.S. 2013. Genetic evidence 
of multiple matrilines and spatial disruption of kinship bonds in 
mass strandings of long-finned pilot whales, Globicephala melas. 
Journal of Heredity 104:301–311.

Ottensmeyer C., Whitehead H. 2003. Behavioural evidence for social 
units in long-finned pilot whales. Canadian Journal of Zoology 
81:1327–1338.

Perrin W.F., Myrick A.C.J. 1980. Report of the Workshop. Age 
determination of toothed whales and sirenians. Reports of the 
International Whaling Commission Special Issue 3:1–50.

Pons M., De Stephanis R., Verborgh P., Genovart M. 2022. Sharp 
decreases in survival probabilities in the long-finned pilot whales 
in Strait of Gibraltar. Marine Biology 169:44. 

R Development Core Team. 2018. R: a language and environment 
for statistical computing. R Foundation for Statistical Computing, 
Vienna, Austria. www.R-project.org/. Accessed October 17, 2018.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/104/1/39/6776007 by M
assey U

niversity user on 28 N
ovem

ber 2024

http://www.iucnredlist.org
http://www.R-project.org/


48	 Journal of Mammalogy	

Ralls K., Brownell R. L. Jr, Ballou J. 1980. Differential mortality 
by sex and age in mammals, with specific reference to the sperm 
whale. Report of International Whaling Commission Special Issue 
2:233–243.

Saavedra C. 2018. strandCet: R package for estimating natural and 
non-natural mortality-at-age of cetaceans from age-structured 
strandings. PeerJ 6:e5768.

Sergeant D.E. 1962. The biology of the pilot or pothead whale 
Globicephala meleana (Traill) in Newfoundland waters. Bulletin 
of the Fisheries Research Board of Canada 132:84.

Sergeant D.E. 1982. Mass strandings of toothed whales (Odontoceti) 
as a population phenomenon. Scientific Reports of the Whales 
Research Institute, Tokyo 34:1–47.

Siler W. 1979. A competing-risk model for animal mortality. Ecology 
60:750–757.

Simmonds M.P. 2018. Chapter 17 - Marine mammals and multiple 
stressors: implications for conservation and policy. In: Fossi M.C., 
Panti C., editors. Marine mammal ecotoxicology. Academic Press; 
p. 459–470.

Southall B.L., Braun R., Gulland F.M.D., Heard A.D., Baird R.W., 
Wilkin S.M., Rowles T.K. 2006. Hawaiian melon-headed whale 
(Peponocephala electra) mass stranding event of 3–4 July 2004. 
NOAA Technical Memorandum NMFS-ORP-31, Maryland, USA; 
p. 1–73.

Southall B.L., Rowles T., Gulland F.M.D., Baird R.W., Jepson P.D. 
2013. Final report of the Independent Scientific Review Panel 
investigating potential contributing factors to a 2008 mass strand-
ing of melon-headed whales (Peponcephala electra) in Antsohihy, 
Madagascar.

Spinage C.A. 1972. African ungulate life tables. Ecology 
53:645–652.

Stolen M.K., Barlow J. 2003. A model life table for bottlenose dol-
phins (Tursiops truncatus) from the Indian River lagoon system, 
Florida, U.S.A. Marine Mammal Science 19:630–649.

Sweeney M., Price J., Jones G., French T., Early G., Moore 
M. 2005. Spondylitic changes in long-finned pilot whales 
(Globicephala melas) stranded on Cape Cod, Massachusetts, 
USA, between 1982 and 2000. Journal of Wildlife Diseases 
41:717–727.

Walker R.J., Keith E.O., Yankovsky A.E., Odell D.K. 2005. 
Environmental correlates of cetacean mass stranding sites in 
Florida. Marine Mammal Science 21:327–335.

Wells R.S., Tornero V., Borrell A., Aguilar A., Rowles T.K., Rhinehart 
H.L., Hofmann S., Jarman W.M., Hohn A.A., Sweeney J.C. 2005. 
Integrating life-history and reproductive success data to examine 
potential relationships with organochlorine compounds for bot-
tlenose dolphins (Tursiops truncatus) in Sarasota Bay, Florida. 
Science of the Total Environment 349:106–119.

Whitehead H. 2015. Life history evolution: what does a menopausal 
killer whale do? Current Biology 25:R225–R227.

Wiley D., Early G., Mayo C., Moore M.J. 2001. Rescue and release of 
mass stranded cetaceans from beaches on Cape Cod, Massachusetts, 
USA; 1990-1999: a review of some response actions. Aquatic 
Mammals 27:162–171.

Submitted 9 March 2021. Accepted 16 September 2022.

Associate Editor was Bradley Swanson.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/104/1/39/6776007 by M
assey U

niversity user on 28 N
ovem

ber 2024


