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A Bayesian assessment of the conservation status of humpback
whales (Megaptera novaeangliae) in the western South Atlantic
Ocean
ALEXANDRE N. ZERBINI*,+,# ERIC J. WARD*, PAUL G. KINAS^, MÁRCIA H. ENGEL~ AND ARTUR ANDRIOLO**,#
Contact e-mail: alex.zerbini@noaa.gov
ABSTRACT
The population of humpback whales (Megaptera novaeangliae) wintering off the eastern coast of South America is referred to by the International
Whaling Commission as ‘Breeding Stock A’ (BSA). This population was heavily exploited in 20th century modern commercial whaling operations.
After more than 30 years of protection, its present status remains unknown. A deterministic sex and age-aggregated population dynamics model
was used to estimate the pre-exploitation population size (K), the maximum net recruitment rate (rmax), the maximum depletion level (Nmin/K), and
other quantities of interest of BSA. Input data included modern whaling catch series, absolute estimates of abundance, observed growth rates and
indices of relative abundance. A Bayesian statistical method was used to calculate probability distributions for the model parameters. Prior
distributions were set on rmax – an uninformative (Uniform [0, 0.106]) and an informative (Normal [0.067, 0.042]) – and on the population size in
2005 – N2005 (Uniform [500, 22,000]). A total of 10,000 samples were used to compute the joint posterior distribution of the model parameters using
the Sampling-Importance-Resampling algorithm. Sensitivity of model outputs to the priors on rmax, a genetic constraint, data inclusion and catch
allocation scenarios was investigated. Medians of the posterior probability distributions of quantities of interest for the base case scenario were:
rmax = 0.069 (95% probability intervals [PI] = 0.013–0.104), K = 24,558 (95% PI = 22,791–31,118), Nmin/K = 2% (PI = 0.31%–12.5%), N2006/
K = 27.4% (PI = 18.3%–39.5%), N2020/K = 61.8% (PI = 23.8%–88.6%), and N2040/K = 97.3% (PI = 31.6%–99.9%). Despite apparent recovery in the
past three decades, the western South Atlantic humpback whale population is still low relative to its pre-exploitation size and requires continued
conservation efforts.
KEYWORDS: HUMPBACK WHALE; POPULATION ASSESSMENT; BAYESIAN STATISTICS; MODELLING; MANAGEMENT; SOUTH
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INTRODUCTION
Southern Hemisphere humpback whales (Megaptera
novaeangliae) were extensively hunted in both coastal and
pelagic areas (Best, 1994; Gambell, 1973; Tønnessen and
Johnsen, 1982). Protection against whaling was warranted
in the late 1960s by the International Whaling Commission
(IWC), but the species continued to be taken illegally by the
Soviet fleet up to 1973 (e.g. Yablokov et al., 1998). It is
estimated that nearly 200,000 whales were taken in the
Southern Hemisphere after 1900, causing the declines of
populations to small fractions of their pre-exploitation levels
(Allison, 2006; Findlay, 2001).
In the western South Atlantic Ocean (WSA), humpback
whales occur in wintering grounds off the eastern coast of
South America (~5–25˚S) from June to December (Andriolo
et al., 2006a; 2006b; Martins et al., 2001; Zerbini, 2004) with
the majority of the population being concentrated in the
Abrolhos Bank (Andriolo et al., 2006a; 2006b). Additional
winter records have been reported to the north and to the
west of 5ºS (Furtado-Neto et al., 1998) and near oceanic
islands off the coast of Brazil (Lodi, 1994), but it is unclear
whether these areas correspond to the typical range of
the species. This population is referred to as the
‘Breeding Stock A’ (BSA) by the IWC (IWC, 1998; 2005).
Contemporary data suggest that the summering grounds of
this stock are located near the Scotia Sea in the Antarctic

Sector of the Southwest Atlantic Ocean. Individuals
monitored with satellite telemetry migrated to feeding
grounds in offshore areas to the northeast of South Georgia
and to the South Sandwich Islands (Zerbini et al., 2006;
2011), within the IWC Management Area II. In addition, one
individual photo-identified in Brazil was re-sighted near
Shag Rocks, to the west of South Georgia (Stevick et al.,
2006).
The WSA humpback whale population was hunted since
the 17th century. Before the 1900s, whaling operations were
of relatively small scale and occurred mainly in low latitude
wintering grounds off Brazil (Ellis, 1969; Lodi, 1992; Smith
et al., 2006). The introduction of modern whaling techniques
and the expansion of the whaling activities to high-density
areas in feeding grounds in the early 1900s increased annual
catches to several thousand whales and quickly caused the
collapse of this population (Findlay, 2001; Tønnessen and
Johnsen, 1982).
Previous assessments conducted in the early 2000s
suggested that the WSA humpback whale population was
still low relative to its pre-exploitation size (Findlay and
Johnston, 2001; Findlay et al., 2000; Johnston and
Butterworth, 2004; Johnston et al., 2001; Zerbini, 2004;
2005). Since then, additional data on stock identity and
migratory connections (IWC, 2006; Rosenbaum et al., 2006;
Stevick et al., 2006; Zerbini et al., 2006; 2011), absolute and
relative abundance (Andriolo et al., 2006b; Freitas et al.,
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2004; Martins et al., 2001; Ward et al., 2011; Zerbini et al.,
2004), population rate of increase (Ward et al., 2011) and an
updated catch series (Allison, 2006) have become available.
In this study, a Bayesian assessment of the WSA humpback
whale population is provided using a sex and age aggregated
population dynamics model. The sensitivity of model outputs
to different prior distributions, catch allocation hypotheses
and input data is investigated.
METHODS
The data
Catch data
Humpback whales were caught in wintering grounds off the
eastern coast of South America since the 17th century, but
catches were of relatively small scale and records are poorly
known (Ellis, 1969; Lodi, 1992; Smith et al., 2006).
Therefore, in this study, only whales killed by modern
whaling (post-1900) are considered.
For the purpose of allocation of historic catches, the IWC
Scientific Committee (IWC SC) defined boundaries for the
Southern Hemisphere humpback whale breeding stocks in
the wintering (areas to the north of 40˚S) and feeding
grounds (south of 40˚S) (IWC, 1998). Wintering ground
catches are allocated to BSA if they were taken south of the
Equator, north of 40˚S and west of 20˚W. These included
individuals taken in the 20th century by catcher boats
operating from whaling stations in Costinha (~7˚S, 35˚W)
and Cabo Frio (~23˚S, 42˚W), in Brazil (Williamson, 1975),
and by a Soviet pelagic fleet in the Abrolhos Bank Area
(~18˚30’S, 38˚30’W) and in offshore areas (~30–32˚S, 33–
36˚W) along the central South American coast (e.g. Allison,
2006; Zemsky et al., 1996).
Feeding ground catches were more difficult to assign to
breeding stocks because wintering-feeding ground
connections were not yet clear and because mixing may
occur in the Southern Ocean. Therefore, the IWC SC
developed alternative catch allocation hypotheses (named
‘Naïve’, ‘Fringe’ and ‘Overlap’) to account for possible
uncertainties in the feeding ground boundaries (IWC, 1998).
These boundaries were subsequently reviewed for some
stocks (BSA, BSD and BSG) in light of additional
information on migratory connections between low and high
latitudes and the former Naïve hypothesis was modified and
named ‘Core’ (IWC, 2011). In this study, catch allocation
followed the proposed hypotheses described in Table 1
and illustrated in Fig. 1. Catches included whales taken
at South Georgia (54˚30’S, 36˚30’W), South Sandwich
Islands (56˚20–59˚40’S, 21˚30’W), South Orkney Islands
(60˚35’S, 45˚30’W), Falkland Islands (59˚30’S, 51˚45’W),
the Antarctic Peninsula (~65˚S, 60˚W for the Overlap
model only), and pelagic operations in Antarctic waters
(Allison, 2006). Sensitivity of catch allocation hypotheses
to model parameter estimates was investigated (see
below).

Abundance and trend data
Multiple estimates of abundance were computed for WSA
humpback whales. Mark-recapture estimates were obtained
only in the wintering grounds (Freitas et al., 2004; Kinas and
Bethlem, 1998). Because these estimates corresponded to only
a portion of the wintering grounds, they should not be assumed
to represent total stock size. Their use as indices of relative
abundance was proposed in a preliminary assessment of the
BSA (Zerbini, 2004), but the estimated trend obtained from
these data (Freitas et al., 2004) was considered unreliable
(IWC, 2005). For this reason, mark-recapture-based estimates
of population size are not considered further in this study.
Line transect surveys have been conducted in both
wintering (Andriolo et al., 2006a; 2006b; Zerbini et al., 2004)
and feeding grounds (Branch, 2011; Branch and Butterworth,
2001). Wintering ground estimates were obtained from ship
surveys conducted in 1999 and 2000 off the northeastern
coast of Brazil (5–12˚S) (Zerbini et al., 2004) and from aerial
surveys conducted during 2001 to 2005 (Andriolo et al.,
2006a; 2006b). Only the most recent estimate (year 2005),
derived from the aerial surveys off Brazil (N2005 = 6,251,
CV = 0.17) (Andriolo et al., 2006b), covered the entire stock
range and therefore is considered the most current and reliable
estimate of the size of BSA (IWC, 2011). This figure is
therefore assumed to represent an estimate of absolute
abundance when fitting the population dynamics model.
Estimates from aerial surveys conducted from 2002 to 2004
(Table 2) were obtained using comparable methodology and
covered the same portion of the range of the stock (12–21˚S)
in the wintering grounds during the same season (Andriolo
et al., 2011). These estimates were therefore used here as an
index of relative abundance (hereafter called the ‘wintering
ground index of abundance’, WGIA).
Estimates in the feeding grounds associated to BSA were
obtained as part of the IWC International Decade of Cetacean
Research/Southern Ocean Whale and Ecosystem Research
(IDCR/SOWER) circumpolar program (CP), usually south
of 60˚S in the Antarctic Ocean (Branch, 2011; Branch and
Butterworth, 2001). Because there is evidence that a large
component of the population remains north of 60˚S (Reilly et
al., 2004; Zerbini et al., 2006) the numbers provided by these
surveys should not be used as estimates of total stock size. In
this study estimates of abundance from CP surveys of the
IDCR/SOWER computed for comparable areas in the feeding
grounds linked to BSA (50˚W–20˚W, south of 60˚S) (Table 2;
Branch, 2011) were assumed to correspond to another index of
abundance (the ‘feeding ground index of abundance’, FGIA).
Sighting and effort data were collected in the Abrolhos
Bank from 1992 to 1998 to investigate the distribution and
habitat use of whales off Brazil. Systematic surveys, using
comparable methodology, were only conducted from 1995
to 1998 (Martins et al., 2001). Data for this four year period
were used to estimate the growth rate of the humpback whale
population wintering in the Abrolhos Bank by Ward et al.
(2011). The estimate from their best model (= 7.4%/year, SD

Table 1
Summary of allocation of catches in the feeding ground (south of 40°S) as specified in IWC (1998, 2006a, 2006b) and Allison (2006).
Core hypothesis

Falkland catches

Fringe hypothesis

Overlap hypothesis

Catches between 70–20°W of
longitude and 40–50°S of latitude,
plus catches from 50–20°W to the
south of 50°S, excluding the
Falkland catches

Core catches plus catches
taken from 70–50°W between
50 and 58°S

90% of the catches from the Core
allocation hypothesis and 10%
from a ‘Fringe Area’ between
20 and 10°W

80% from Core and 10% from )
20°W–10°E (the Naïve allocation
hypothesis for BSB) and 10% from
100–50°W (the Core allocation
hypothesis for BSG)
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Fig. 1. Breeding stock range in the wintering grounds and feeding ground catch allocation hypotheses.

= 3.3%) was used as the ‘observed’ growth rate when fitting
the population dynamics model in this study.
Modelling techniques
In this study, a Bayesian statistical framework was used to
estimate model parameters and quantities of interest (e.g.
Gelman et al., 1995; Punt and Hilborn, 1997). Methods were
similar to those described and applied to assess the status of
the population wintering off the western coast of South
America (Breeding Stock G) (Johnston et al., 2011).
Population dynamics model
The density dependent, sex and age-aggregated generalised
logistic equation (e.g. Pella and Tomlinson, 1969) was used
to model the dynamics of the humpback whale population.
The model is deterministic and is represented as:
N t+1 = N t + N t rmax

  N z
t
1

K

 Ct

(1)

where:
N is the population size, in numbers, at time ‘t’ or ‘t + 1’, in
years;
rmax is the maximum net recruitment rate;
K is the pre-exploitation population size;
z is the parameter that determines the population size where
productivity is maximum (also known as shape parameter).
This is set here at a value of 2.39, which corresponds to a
maximum sustainable yield level of 0.6K (e.g. Butterworth
and Best, 1994; Punt and Butterworth, 1999), as
conventionally assumed by the IWC SC.
Ct is the harvest, in numbers, in year ‘t’.
Estimation of the predicted growth rate
pred
A predicted growth rate (r1995–1998
) was computed for
comparison with the ‘observed’ growth rate provided by
Ward et al. (2011) using the model predicted abundances
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Table 2
Indices of relative abundance in the feeding and breeding grounds of
western South Atlantic humpback whales (from Andriolo et al., 2006b and
Branch, 2008).
Feeding ground index of
abundance (FGIA)

Wintering ground index of
abundance (WGIA)

Year

Cruise

N

CV

Year

N

CV

1981/82
1986/87
1997/98

CPI
CPII
CPIII

45
259
200

0.91
0.59
0.64

2002
2003
2004

2,305
2,539
3,615

0.20
0.19
0.19

over the period 1995–1998. The predicted rate assumed an
exponential growth and was calculated as:
1997

N

 ln 
r

pred

1995 1998

=

t =1995

N
3

pred
t+1
pred
t





=

(

pred

ln N 1998

) ln ( N )
pred

1995

3

(2)

where:
N pred is the model predicted population size, in numbers, at
time ‘t’ or ‘t + 1’, in years.
Estimation of scaling parameters
The feeding (FGIA) and wintering ground (WGIA) indices
of abundance were scaled to the model predicted population
size in year i by the scale coefficient ‘q’, assuming a lognormal distribution for their residuals. A separate q was
estimated for each index of abundance under the assumption
that the same proportion of whales is assumed to occupy the
survey areas during the survey period. To consider all forms
of uncertainty, we initially allowed each q to be a free
parameter in our Bayesian models; this approach proved
unsuccessful, however, due to the small sample size for each
index (n = 3), and high CVs of the FGIA estimates (0.59–
0.91), which proved not informative with respect to q. As an
alternative approach, we treated each q as a nuisance
parameter, and estimated them analytically according to
equation (3) below for each index of abundance j.

qj = e


obs  

 IAij  
 ln pred  

 n  N i


2
 i=1



IAijobs
 n



1


2
 i=1

obs
IA
ij









Statistical framework
A Bayesian analysis involves integrating the product of prior
distributions of parameters and the likelihood functions that
links the probability of the observed data to the model
predicted parameters. In this study, the generalised logistic
model is fit to as many as four sources of data: the absolute
abundance estimate (N2005), the observed growth rate over
obs
the period 1995–1998 (r1995–1998
), and two indices of
abundance (FGIA and WGIA). We used data from additional
surveys (1994–1998) to develop an informative prior for the
growth rate. The rationale for using an informative prior
based on external data is that when a uniform prior is placed
on rmax, the output is generally non informative because
parameters rmax and K are highly correlated in the logistic
model (e.g. high values of K and low values or rmax may be
equally likely to low values of K and high values of rmax).
Likelihood functions
The error distribution of the total stock size and the indices
of relative abundance were assumed to be log-normally
distributed. The negative of the logarithm of the likelihood
the absolute stock size (N2005) is:
ln( L) = ln(

(ln( N
+0.5 

N 2005

pred
2005

) + ln( N 2005 )

) ln( N 2005 )

)

2

(4)

2
N 2005

where:
pred
N2005
is the model predicted abundance in 2005

N2005 is the observed abundance in 2005
N

=
2005

2

ln(1 + CVN

)

2005

The negative of the logarithm of the likelihood of the indices
of abundance is given by:

ln(
) + ln( IAijobs )
IA

n
m
ln( L) =  
ln(q j  N ipred ) ln( IAijobs )

i=1 j=1 +0.5
2

IA

obs
ij

(3)

where:

(

obs
ij

obs
ij

IA is the observed index of abundance j (FGIA or WGIA)
in year i;
Nipred is the model predicted population size in year i;
n is the number of data points for each index of abundance;
IAijobs

reduction in computational time) by replacing the numerical
integration of qj by their maximum likelihood estimates. It
has been shown that this approach does not differ from the
strictly Bayesian procedure if the prior on q is uniform on a
logarithmic scale (Punt and Butterworth, 1996; Walters and
Ludwig, 1994).

= ln(1+ CVIA2 obs ) , where CV is the coefficient of
ij

variation of the estimated index of abundance j for year i.
The analytical solution above corresponds to an approximate
Bayesian procedure that involves a reduction in the number
of parameters over which to integrate (and therefore a

)



2
(5)




where:
Nipred is the model predicted abundance in year i;
IAijobs is the observed index of abundance j in year i;
qj is the estimated scale parameter for index of abundance j;
obs

IAij

=

2

ln(1 + CV )
IA

obs
ij

The error of the growth rate estimates is assumed to be
normally distributed. The negative of the logarithm of the
likelihood of the growth rate is given by:
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ln( L) = ln(

obs

r1995

1998

 pred

obs
r1995 1998 r1995
1998 

) + 0.5
(6)


r


obs
1995 1998

where:
pred
is the model predicted growth rate between 1995–
r1995–1998
1998 (from equation 2);
obs
r1995–1998
= 7.4%/year (from Ward et al., 2011);

σrobs

= 3.3%/year (from Ward et al., 2011).

1995–1998

Thus, the total negative logarithm of the likelihood is the sum
of equations (4), (5) and (6), where (5) = 0 and (6) = 0 when
the indices of abundance and the observed growth rate,
respectively, are not present in the model.
The integration of the prior distributions of the parameters
and the likelihood function was approximated by the
Sampling-Importance-Resampling (SIR) algorithm as
implemented by McAllister et al. (1994). This
implementation is a special case of the SIR algorithm in
which the importance function is set to the prior. In SIR, a
large number of independent sets of parameters is randomly
drawn from the prior distributions, their likelihood is
evaluated given the observed data and each set of data is
stored in proportion to their likelihood. In the present study,
a total of 10,000 samples were obtained with the SIR
algorithm to compute the posterior distribution of parameters
and quantities of interest.
Priors
In Bayesian statistical models probability is used as a
measure of uncertainty. Within this paradigm, unknown
model parameters have probability distributions based on
previous knowledge (the priors), which are then updated
using the data to derive the posterior distributions, the
keystone of Bayesian inference. Priors can be either
uninformative or vague, when they carry no substantial
knowledge about the parameter of interest, or informative,
when they contain relevant information from previous
studies. In this study, prior distributions were specified for
rmax and N2005. There is no need to specify a prior for the preexploitation population size (K) because it is implicit in the
combination of the population model, the catch history and
the other priors (Butterworth and Punt, 1995).
Two priors were specified for rmax: a uniform prior, and an
informative prior. The latter originated from a Bayesian
hierarchical meta-analysis of growth rates of eight formerly
depleted whale populations (Branch et al., 2004). This prior
has a normal distribution with mean 0.067 and standard
deviation 0.04. Prior distributions of rmax were bounded. The
lower boundary of was set to zero because negative
maximum net recruitment rates are biologically implausible
and the upper boundary corresponds to the maximum growth
rate for the species computed from a range of life history
parameters observed for several humpback whale
populations (10.6%/year, Clapham et al., 2006; IWC,
2007a).
The prior distribution on N2005 was uniform (U[500,
22000]). The lower and upper bounds were fixed to a value
thought to be greater than the greatest possible value in the
posterior probability distribution, but small enough to limit
computational time (e.g. Wade, 2002). Although the choice
of these bounds may seem arbitrary, their values were
assessed not to be important, as they do not influence the
results.
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Population projection
The population was projected using the ‘backwards’ method
of Butterworth and Punt (1995). The prior distributions of
the current absolute abundance (N2005) and the maximum net
recruitment rate (rmax) are sampled and then used to
determine the unique value of the population in 1901
(assumed to correspond to K) that corresponds to the value
drawn from the prior for N2005, given rmax and the applied
catch series. This process is accomplished by using a
bisection method (Butterworth and Punt, 1995). In this study,
the population is projected into the future (2006 to 2040)
assuming that non-natural mortality has not taken place since
whaling for this stock ceased.
Quantities of interest, modelling scenarios and
sensitivity analyses
Posterior probability distributions were calculated for the
following parameters and quantities of interest: rmax, K,
Minimum population size (Nmin), population in 2006 (N2006),
maximum depletion level (Nmin/K), and depletion levels in
2006 (N2006/K), in 2020 (N2020/K) and in 2040 (N2040/K).
The base case scenario
The base case scenario (BC) comprises the following prior,
data and catch allocation hypothesis:
Prior distribution on rmax: Uniform distribution;
obs
Observed growth rate: r1995–1998
= 7.4%/year (SD = 3.3%);

Absolute abundance: N2005 = 6251 (CV = 0.17);
Catch allocation: Core hypothesis.
Sensitivity analyses
The sensitivity of the BC to the specification of different
prior distributions, to the inclusion of various sets of data
and to the different catch allocation hypotheses was
investigated. The analyses are divided into four different sets
of model runs: Choice of Prior on rmax, Genetic Constraint,
Data Inclusion and Catch Allocation. A summary of the
proposed scenarios is presented in Table 3.
CHOICE OF PRIOR ON RMAX

The uniform prior presented in the BC was replaced by the
informative (Meta-analysis) prior of Branch et al. (2004).
GENETIC CONSTRAINTS

Jackson et al. (2006) suggested that a genetic constraint be
used in the assessment of South Pacific humpback whale
populations given the observed genetic diversity. This idea
had previously been discussed by Baker and Clapham
(2004), who advocated that demographic and genetic
approaches should be integrated to better describe whale
population dynamics.
The same approach was used here to determine a
minimum population size of humpback whales from BSA,
given their observed genetic diversity. Baker and Clapham
(2004) suggested that the number of extant haplotypes
sampled in a population which has undergone a recent
bottleneck provides an absolute minimum bound on the
number of mature females in the population at the time of
the bottleneck (Patenaude, 2002). Jackson et al. (2006)
proposed a correction factor of 4 to scale the number of
sampled haplotypes (minimum number of mature females)
to the total (census) population size when the population was
at its minimum. The rationale behind this correction factor
is that the number of haplotypes must be multiplied by two
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Table 3
Summary of the Base Case and sensitivity analysis used in the assessment of humpback whales in the western South Atlantic
Ocean.
Scenario
Prior on rmax
Observed growth rate present
Indices of abundance
Genetic constraint
Catch allocation
Scenario
Prior on rmax
Observed growth rate present
Indices of abundance
Genetic constraint
Catch allocation

Base Case

Baleen whale meta-analysis rmax

Uniform [0.00, 0.106]
Yes
–
–
Core

Normal [0.067, 0.042]
Yes
–
–
Core

Genetic constraint

FGIA

Uniform [0.00, 0.106]
Yes
–
Minimum population = 264
Core

Uniform [0.00, 0.106]
Yes
FGIA
–
Core

WGIA

FGIA + WGIA

Uniform [0.00, 0.106]
No
–
–
Core

Uniform [0.00, 0.106]
Yes
FGIA + WGIA
–
Core

No observed growth rate, FGIA + WGIA

Falkland catches

Uniform [0.00, 0.106]
No
FGIA + WGIA
–
Core

Uniform [0.00, 0.106]
Yes
–
–
Core + Falkland catches

Fringe catches

Overlap catches

Uniform [0.00, 0.106]
Yes
–
–
Fringe catches

Uniform [0.00, 0.106]
Yes
–
–
Overlap catches

Scenario
Prior on rmax
Observed growth rate present
Indices of abundance
Genetic constraint
Catch allocation
Scenario
Prior on rmax
Observed growth rate present
Indices of abundance
Genetic constraint
Catch allocation
Scenario
Prior on rmax
Observed growth rate present
Indices of abundance
Genetic constraint
Catch allocation

to account for the male population (assuming an even sex
ratio) and also by two to correct the minimum effective
population size to a lower estimate of census population size
(Nunney, 1993; Roman and Palumbi, 2003). Jackson et al.
(2006) pointed out that this correction factor is conservative,
but useful to provide a minimum census population number.
Including this constraint in our models can be seen as part
of the prior (bounds are commonly used in priors on positive
quantities, such as variance parameters), and not additional
data.
The total number of mtDNA haplotypes found in whales
from BSA was estimated at 66 (Rosenbaum et al., 2006),
resulting in a minimum population of 264 whales. Therefore,
all population trajectories resulting in a minimum abundance
lower than 264 individuals were penalised by having their
likelihood set to zero.
DATA INCLUSION

A total of four scenarios were proposed to investigate the
sensitivity of the BC to the inclusion/removal of different
data in the fit of the model (Table 3). The objective of
scenarios FGIA, WGIA and FGIA + WGIA in Table 3 was
to investigate whether the inclusion of the indices of relative
abundance (FGIA, WGIA, or both) provided additional trend
information and how these input data influenced the model
outputs. In the fourth scenario (‘no observed growth rate,
FGIA + WGIA’ in Table 3), the observed growth rate
was removed from the model fit (but the indices of

abundance, FGIA and WGIA, were retained) in order to
assess how informative this rate was for computation of
model outputs.
CATCH ALLOCATION

The sensitivity of the model outputs to the different
hypotheses for feeding ground catch allocation was also
investigated. The ‘Fringe’ and ‘Overlap’ catch allocations
were compared to the ‘Core’ hypothesis used in the Base
Case. In addition, because it is not clear whether individuals
taken in the Falkland Islands (59˚30’S, 51˚45’W) belonged
to BSA, the present assessment investigates the sensitivity
of their inclusion in the analyses. The catch series used in
the proposed scenarios were provided by Allison (2006) and
are presented in Table 4.
RESULTS
Posterior distribution of model parameters for all scenarios
investigated in this study (Table 5) were obtained from
10,000 unique parameter vectors of the SIR algorithm.
Base case
The posterior distribution of the parameters and quantities
of interest for the BC scenario are presented in Table 5 and
illustrated in Fig. 2. The point estimate (median of the
posterior probability distribution) on rmax is 0.069 (95%
probability interval [PI] = 0.013–0.104, Fig. 2A). The
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Table 4
Catch series for the allocation scenarios used in the assessment of western South Atlantic humpback whales (from Allison, 2006).
Year

Core
catches

Falkland
catches

Fringe
catches1

Overlap
catches

Year

Core
catches

Falkland
catches

Fringe
catches1

Overlap
catches

1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938

180
288
240
1,261
1,849
3,391
6,468
5,832
2,881
999
1,155
1,697
447
121
129
111
102
9
364
133
266
254
7
0
19
51
107
18
23
132
57
48
105
242
0

0
0
0
0
6
66
49
12
6
5
8
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0

180
288
240
1,261
1,849
3,391
6,468
5,832
2,881
999
1,155
1,697
447
121
129
111
102
9
364
133
266
254
7
0
19
56
120
19
24
151
64
149
149
275
0

144
233
242
1,045
1,605
2,870
5,434
4,892
2,472
974
1,054
1,396
373
116
124
113
97
7
310
116
223
220
16
0
17
42
92
15
20
114
49
68
109
213
0

1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
Total

2
36
13
0
4
60
238
30
35
48
83
698
45
34
140
44
96
167
61
16
15
27
13
24
12
0
52
0
189
0
0
0
0
2
31,170

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
0
36
0
4
1
22
0
0
0
0
0
0
0
0
0
219

2
92
13
0
4
60
238
31
36
67
212
712
102.5
50.5
155.5
70
137.5
199.5
77.5
19
18.5
29
13
26
12
0
69
0
192
0
0
0
0
2
31,847

2
53
10
0
3
48
190
24
30
51
116
614
84
49
124
71
94
210
61
28
40
45
132
53
12
0
133
15
226
0
0
0
0
2
27,334

1

Fractional catches occur under the ‘Fringe’ hypothesis because of proportional allocation of catches between areas (see IWC, 1998).

posterior median of K indicates that the size of the humpback
whale population wintering off the western coast of South
America was nearly 24,600 individuals (95% PI = 22,791–
31,118) before exploitation by modern whaling (Fig. 2B).
The population trajectory (Fig. 3) shows that the
population was severely depleted after a period of intense
exploitation between 1905 and 1920 and remained low for
the following 40 years, a period which it sustained small
catches. BSA reached its lowest numbers in the late 1950s,
when nearly 500 (95% PI = 159–3,943) individuals existed
in the population. This number corresponds to a depletion
level of nearly 2% of K (95% PI = 0.7%–12.5%) (Fig. 2C).
In the early 1960s this population started to recover and,
despite the several hundred individuals taken by the Soviet
whaling, it has continued to grow. The population size in
2006 was estimated to be about 6,800 whales (95%
PI = 4,902–9,567), which corresponds to a depletion level
of 27% of the pre-exploitation population size (95%
PI = 18.3–39.5%) (Fig. 2D). Assuming no human-induced
mortality occurs in the future, it is predicted that BSA will
reach 62% of K (95% PI = 23.8–88.6%) in 2020 (Fig. 2E)
and will be nearly recovered in 2040 (95% PI = 36.5–99.9%)
(Fig. 2F).
Sensitivity to choice of prior
Posterior probability distributions for model outputs are
presented in Fig. 2. The use of the ‘baleen whale metaanalysis’ prior had very little effect on the model outputs
(Table 5), except that it provided slightly more precise

estimates of model parameters. Yet, posterior distributions
of model outputs between this and the BC scenario
overlapped to a great extent (Fig. 2).
Sensitivity to the genetic constraint
The addition of a genetic constraint prevented the population
trajectory from reaching values lower than 264 individuals.
This resulted in a small decrease in the posterior median of
rmax (from 0.069 down to 0.062) and a small increase in K
(from 24,600 to 25,000). The posterior median of the
minimum populations for this scenario (629 individuals) was
greater than the one estimated with the BC scenario, resulting
in a greater maximum depletion level (from 2% to 2.4%,
Table 5). Posterior medians of the status of the population in
2006, 2020 and 2040 were more pessimistic than the BC
scenario. Despite these changes, the posterior probability
distributions between the genetic constraint and the BC
scenario overlapped to a great extent (Fig. 2).
Sensitivity to data inclusion
The inclusion of the FGIA resulted in a small increase in
precision but posterior distributions of model parameters
were similar to the BC scenario (Table 5, Fig. 4). In contrast,
the addition of the WGIA resulted in an increase in the
posterior median of rmax and current status, and consequently,
a decrease in K and the maximum depletion level. Figs 5A
and 5B show the fit of the population dynamics model to
each of these indices of abundance. When both FGIA and
WGIA were included in the analysis greater precision and
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Table 5
Posterior medians, means and 95% probability intervals of model parameters estimated for the assessment of western South Atlantic humpback whales.
Base case

rmax
K
Nmin
N2006
Max Depletion
Depletion in 2006
Depletion in 2020
Depletion in 2040

Baleen whale meta-analysis rmax prior

Median

Mean

2.5%

97.5%

Median

Mean

2.5%

97.5%

0.069
24,558
503
6,808
0.020
0.274
0.618
0.973

0.066
25,110
850
6,929
0.031
0.278
0.601
0.879

0.013
22,791
159
4,902
0.007
0.183
0.238
0.316

0.104
31,118
3,943
9,567
0.125
0.395
0.886
0.999

0.069
24,514
490
6,851
0.020
0.277
0.628
0.975

0.068
24,846
710
6,947
0.027
0.281
0.615
0.908

0.022
22,844
168
4,942
0.007
0.191
0.287
0.444

0.103
28,955
2,680
9,529
0.092
0.394
0.879
0.999

Genetic constraint

rmax
K
Nmin
N2006
Max Depletion
Depletion in 2006
Depletion in 2020
Depletion in 2040

FGIA

Median

Mean

2.5%

97.5%

Median

Mean

2.5%

97.5%

0.062
24,959
612
6,895
0.024
0.272
0.574
0.951

0.059
25,548
987
6,994
0.036
0.276
0.562
0.855

0.011
23,344
278
4,947
0.012
0.179
0.226
0.284

0.092
31,851
4,222
9,659
0.133
0.397
0.861
0.999

0.068
24,600
511
6,840
0.021
0.275
0.617
0.972

0.066
25,010
788
6,947
0.030
0.280
0.605
0.892

0.017
22,832
163
4,906
0.007
0.186
0.258
0.365

0.103
30,198
3,351
9,498
0.111
0.395
0.882
0.999

WGIA

rmax
K
Nmin
N2006
Max Depletion
Depletion in 2006
Depletion in 2020
Depletion in 2040

FGIA + WGIA

Median

Mean

2.5%

97.5%

Median

Mean

2.5%

97.5%

0.075
24,229
426
6,866
0.018
0.280
0.663
0.985

0.071
24,670
674
6,975
0.026
0.284
0.638
0.915

0.020
22,786
153
4,931
0.007
0.190
0.279
0.411

0.104
29,348
2,887
9,546
0.098
0.400
0.894
0.999

0.074
24,274
437
6,836
0.018
0.279
0.653
0.983

0.071
24,655
652
6,943
0.025
0.283
0.635
0.919

0.023
22,796
158
4,885
0.007
0.191
0.291
0.458

0.104
28,817
2,622
9,541
0.091
0.399
0.890
0.999

No observed growth rate, FGIA + WGIA

rmax
K
Nmin
N2006
Max Depletion
Depletion in 2006
Depletion in 2020
Depletion in 2040

Falkland catches

Median

Mean

2.5%

97.5%

Median

Mean

2.5%

97.5%

0.065
24,790
562
6,809
0.023
0.270
0.588
0.961

0.062
25,620
1,095
6,905
0.039
0.273
0.573
0.834

0.006
22,802
160
4,893
0.007
0.173
0.203
0.233

0.104
33,849
5,131
9,421
0.152
0.390
0.884
0.999

0.069
24,746
542
6,842
0.022
0.272
0.620
0.973

0.067
25,271
862
6,923
0.032
0.276
0.601
0.882

0.013
22,996
161
4,872
0.007
0.182
0.241
0.312

0.104
31,318
3,883
9,521
0.123
0.392
0.884
0.999

Fringe catches

rmax
K
Nmin
N2006
Max Depletion
Depletion in 2006
Depletion in 2020
Depletion in 2040

Overlap catches

Median

Mean

2.5%

97.5%

Median

Mean

2.5%

97.5%

0.069
24,602
515
6,844
0.021
0.275
0.623
0.974

0.066
25,171
840
6,938
0.031
0.278
0.604
0.882

0.014
22,847
162
4,893
0.007
0.182
0.243
0.324

0.103
31,363
3,800
9,556
0.120
0.395
0.886
0.999

0.069
20,969
566
6,816
0.027
0.321
0.692
0.983

0.066
21,495
922
6,928
0.040
0.325
0.664
0.902

0.014
19,444
162
4,909
0.008
0.210
0.273
0.362

0.104
26,997
3,885
9,557
0.143
0.466
0.925
1.000

therefore more informative results were obtained. Finally,
the removal of the observed growth rate resulted in greater
uncertainty in parameter estimates, a slightly lower estimate
of rmax and a slightly more pessimistic estimate of current
population status (Table 5). Despite all these differences, the
posterior probability distributions of all depletion parameters
in the data inclusion scenarios were relatively consistent with
those obtained in the BC scenario (Fig. 4).

Sensitivity to catch allocation hypothesis
The posterior medians of the model parameters estimated
with the Fringe and the Falkland Island catches were similar
between the BC scenario (the Core catches) and the Fringe
catches (Table 5, Fig. 6), suggesting almost no difference in
results between these catch allocation hypotheses. In
contrast, the scenario with the Overlap catch allocation
hypothesis produced lower and higher posterior medians of
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Fig. 2. Posterior (thick lines) and realised prior (thin lines) probability distributions of model parameters and other quantities of interest for the ‘Choice of
Prior’ and ‘Genetic Constraint’ sensitivity analyses (solid lines = base case; dashed line = baleen whale meta-analysis prior; and dotted line = genetic
constraint).

K and of the current (2006) status, respectively. The posterior
distribution of K between the Overlap and the other catch
allocation hypothesis showed very little overlap (Fig. 6B).
Also, the Overlap scenario produced more optimistic
projections of the recovery of the WSA humpback whale
population (Fig. 6).
DISCUSSION
In this study, multiple scenarios were presented to assess the
status of the humpback whale population wintering off the
eastern coast of South America. They include the use of a
different prior distribution for the maximum net recruitment
rate, model adjustment to different sets of data and catch
allocations. While some variation in the model outputs
existed depending on the prior/data used, consistency was
observed in almost all scenarios.
The use of an informative prior on rmax (the baleen whale
on population growth rates hierarchical meta-analysis)
(Branch et al., 2004) had very little effect in the model
outputs relative to the base case. The posterior median was
the same and the posterior distribution was slightly more
precise. Gain in precision is a result of the use on a more
informative prior relative to the uniform distribution used in
the base case, but because the informative prior itself had a
relatively low precision (CV = 0.6), the gain is negligible.
Adding a genetic constraint resulted in small changes in
the posterior median of the model outputs. The maximum
depletion level was greater and the depletion parameters
were less optimistic than the BC scenario. The purpose of
adding a genetic constraint was to prevent the model from
reaching a minimum population size (264 individuals) that
was unrealistic given the known genetic diversity of the

population. This resulted in eliminating predicted population
trajectories with high growth rates as illustrated in Fig. 2 and
Table 5, where the posterior median and the upper boundary
of rmax are lower than those estimated by the base case.
Although lower values of rmax also resulted in slightly more
pessimistic posterior medians of the depletion parameters,
their posterior distribution overlapped to a great extent
(Fig. 2).
Inclusion of the indices of abundance resulted only in
small differences in posterior medians and slightly more
precise estimates of model outputs. The main reason for that

Fig. 3. Population trajectory and fit of the model to the absolute abundance
in 2005 of the Base Case scenario. The solid line correspond to the
posterior median, dashed lines to the 95% probability intervals, error bars
to the 95% confidence intervals of the abundance estimate and the grey
line to the Core catch series.
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Fig. 4. Posterior (thick lines) and realised prior (thin lines) probability distributions of model parameters and other quantities of interest for the ‘Data Inclusion’
sensitivity analyses (solid line = FGIA; dashed line = WGIA; and dotted line = FGIA + WGIA). The posterior and prior distributions for the base case
scenario are illustrated as a thick gray line for comparison.

is that the indices of abundance used in this study are not
very informative. The estimates of abundance from the
IDCR/SOWER surveys, despite covering a relatively large
period of time (1981/82–1997/98) have poor precision (CVs
= 0.59–0.91). The WG estimates of relative abundance, in
contrast, have better precision (CVs = 0.19–0.2), but cover
only three consecutive years, which is a short period of time
to accurately estimate trends in abundance. The removal of
the observed growth rate did not result in significant changes
in the posterior medians, but it did result in greater
uncertainty. Loss of precision occurred because the observed
growth rate was informative for the estimation of the
maximum intrinsic growth rate despite its relatively large
CV (0.48).
Uncertainty in catch allocation in the feeding grounds was
tested using four catch allocation scenarios. The use of Core
(Base Case), Fringe and Falkland Catches allocation
scenarios resulted in similar posterior distributions for model
parameters and other quantities of interest. This resulted
because the catch series among these scenarios were similar.
Only 600 more catches were included in the Fringe
hypothesis, a difference of less than 2% relative to Core.
These catches originated in the Fringe area between BSA and
BSB in the central south Atlantic, where not many humpback
whales were taken historically. In addition, only 219 more
whales were taken in the Falkland Islands relative to Core.
Only the use of the Overlap allocation hypothesis resulted in
substantial differences in the posterior distribution of model
parameters. These differences were a result of the much
lower (nearly 4,000 less) catch allocated to BSA under the
Overlap relative to the Core hypothesis. The posterior
median of K was nearly 20% lower and, consequently, the

status parameters were more optimistic than the Base Case
scenario. The Overlap scenario assumed that 10% of the
catches corresponded to whales caught in the feeding
grounds associated with BSG and another 10% in the feeding
grounds associated to BSB. Because catches in these feeding
grounds were much lower (nearly 15,000 and 5,000 whales,
respectively) than those from BSA (over 29,000 whales), the
resulting total catch series under the Overlap hypothesis is
lower. Contemporary information from photo-identification,
genetic and satellite telemetry data do not support an overlap
of whales from Brazil with the feeding grounds associated
with BSG (the Antarctic Peninsula) (Dalla Rosa et al., 2008;
Olavarria et al., 2000; Rosenbaum et al., 2000; Stevick et
al., 2004; Stevick et al., 2006; Zerbini et al., 2006; 2011).
Therefore it is possible that the overlap between whales from
the two wintering grounds may not be realistic, indicating
that results obtained with the Overlap scenario should be
viewed with caution.
There was great uncertainty in estimating rmax, across all
sensitivity scenarios. This is illustrated by the relatively
broad shape of the posterior probability distribution of this
parameter (Figs 1A, 3A and 4A). However, the posterior
distribution does indicate that rmax for the humpback whale
BSA is on the higher end of possible values. The posterior
median ranged from 6.2–7.5%/year and there was high
probability that it falls between 6–10%/year. These results
are consistent with other estimates of the maximum net
recruitment rate of humpback whales in both the Northern
and Southern Hemispheres. For example, Stevick et al.
(2003) fit a generalised logistic model to a time series of
abundance estimates of humpback whales in the North
Atlantic and estimated that rmax was 0.078 (8.1%/year) and
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Fig. 5. Fit of the model to the indices of relative abundance in the feeding
grounds (A, FGIA scenario) and wintering grounds (B, WGIA scenario).
Solid lines correspond to the posterior median, dashed lines to the 95%
probability intervals and error bars to the 95% confidence intervals of
individual relative abundance estimates.

Johnston et al. (2011) have estimated that the rmax posterior
medians for the Southern Hemisphere humpback whale
stock wintering off the western South American coast (BSG)
ranged from 6–7%/year, depending on the modeling scenario
considered.
The models predicted that if no human-induced mortality
occurs, BSA should be near 60% of K within the next 15
years and should be nearly recovered by 2040. However,
predictions of the population status in the future are highly
uncertain as revealed by their wide probability intervals. In
addition, these predictions are likely unrealistic because this
population has been subject to non-natural mortality due to
incidental catches in fishing nets, habitat degradation, and
possibly to the development of the oil and gas industry in
part of the species habitat (e.g. Engel et al., 2004; Siciliano,
1987; Zerbini and Kotas, 1998). Current levels of humaninduced mortality are not known and therefore it is difficult
to predict what impact they might have in the recovery of
this population. However, if population parameters such as
reproductive rates and/or survival are reduced due to
anthropogenic factors, a longer period will be required before
this stock reaches carrying capacity.
The catch data had the highest impact on the estimate of
K and therefore misallocation of catches or underreporting
should cause bias in the estimate of the status parameters.
Zerbini (2004) showed that an increase (as an example to
simulate for missing catches) or a reduction (another
example to simulate for misallocation) of 20% in the catches,
resulted, respectively, in an increase or decrease in nearly
20% in the estimated posterior median of K. This positive
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correlation between the total catch and the estimate of K is
also clearly visible in this study (e.g. by comparing results
obtained for the Core and Overlap models). Underreporting
of catches is likely an issue for the WSA humpback whale
population. For example, the coastal whaling station in
Costinha, northeastern Brazil, operated from 1910 to 1915,
closed from 1915 to 1923, and operated again from 1924 to
1985 (da Rocha, 1983; Williamson, 1975), but catches were
not reported in 1910 and between 1929 and 1946. Because
humpbacks whales were the only species taken previously
to this period and were regularly taken in subsequent years
it is very likely that they were also taken during the period
for which catches are missing. Underreporting of catches will
cause an upward bias in the estimate of the current status.
The magnitude of the bias is unknown as its estimation
depends on the number of whales killed but not reported.
However, because catches off Brazil have consistently been
low (less than 400 individuals in any given year (Williamson,
1975)) and because the 1929–1946 catches from Costinha
correspond to a period in which the population had already
been severely depleted (Findlay, 2001), it is possible a small
number of catches is missing.
The BC estimated that the WSA humpback whale
population is at 27% of its pre-exploitation population size,
but the actual status of this population is possibly some
unknown number lower than this figure. In addition, for the
purpose of the analyses presented here, it is assumed that the
population was at carrying capacity before catches were
taken in the early 1900s. However, humpback whales were
likely caught off the coast of Brazil since at least the 17th
century (Ellis, 1969; Lodi, 1992; Smith et al., 2006). The
catch history is not known because records were not kept.
However, Lodi (1992) indicated that around 50 whales were
taken every year. If catches were indeed of this magnitude,
it is likely that population was close but not quite at K at the
beginning of modern whaling.
The present study provides the first assessment of the
humpback whale population wintering off Brazil. This
analysis was relatively straightforward, mainly as a
consequence of data limitation. For example, the model used
is a relatively simple population dynamics model.
Alternative models (e.g. age-structured) applied in the
assessment of other whale species (e.g. bowhead whales
[Brandon et al., 2007; Punt and Butterworth, 1999] and gray
whales [Wade, 2002]) could not be used in this study because
life-history parameters (e.g. survival, fecundity) and age
structure of the catches are not available for the population
wintering off Brazil. Lack of other proposed models
precludes an assessment of the impact of model uncertainty
in this analysis. In addition, it is important to note that
additional sources of uncertainty were not included in the
analysis. For example, the variances associated to the
likelihood equations are assumed to be known, resulting in
posterior distributions with lighter tails than would be
obtained if these parameters were also estimated (e.g. were
given prior distributions). In addition, the population
dynamic model ignores process variation and assumes a
deterministic trajectory of population size, precluding the use
of the true-likelihoods as described in de Valpine (2002).
This author showed examples for which the use the true
likelihoods improves maximum likelihood estimation
over procedures that ignore process noise. The impact of
omitting these other sources of uncertainty in the Bayesian
inference presented here will be dependent on the balance
of information between the priors and the data and
should be further investigated in assessment models of
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Fig. 6. Posterior (thick lines) and realised prior (thin lines) probability distributions of model parameters and other quantities of interest for the ‘Catch Allocation’
sensitivity analyses (solid lines = Falkland catches, dashed lines = Fringe hypothesis; dotted line = Overlap hypothesis). The posterior and prior distributions
for the base case scenario are illustrated in gray for comparison.

humpback whales. This should be made in conjunction with
improvements of the present assessment as more data
become available.
CONCLUSION
Despite the uncertainty in estimating rmax, estimates of K and
the status parameters were relatively robust across most
scenarios presented in this assessment. Results show high
posterior probabilities that:
(1) K is within 22,000–28,000 whales;
(2) The population was depleted to less than 4% of its preexploitation size in the late 1950s;
(3) The current abundance is between 26 and 32% of K.
The results were encouraging as they showed that the
humpback whale population in the west South Atlantic has
been recovering during the past three decades, after being
dramatically reduced by whaling in the early 1900s.
However, potential underreporting of catches may have
resulted in optimistic estimates of depletion levels. The
current estimates indicate that this population is still low
relative to historical levels and therefore it requires continued
conservation efforts.
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