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ABSTRACT: Knowing the biomass of prey consumed by a marine predator is a prerequisite for
assessing the potential of the predator for competition with fisheries. Here, we estimated the biomass of Fuegian sprat Sprattus fueguensis consumed annually by a small subpopulation of humpback whales Megaptera novaeangliae in the Magellan Strait feeding area. We used a velocitydependent bioenergetic model that integrates annual energy requirements by sex, age class, and
reproductive status, proportion of Fuegian sprat in the diet, and annual population size of whales.
The annual energy required in kcal per individual whale was estimated to be 18.88 × 107 for
calves, 27.92 × 107 for adults, 30.71 × 107 for pregnant females, and 42.59 × 107 for lactating
females. These estimates result in an energy requirement of 19.32 × 109 and 23.41 × 109 for a seasonal abundance of 78 and 96 whales, respectively. Bayesian dietary mixing models predict that
Fuegian sprat represented between 27 and 33% of the diet of the whales. This implies that humpback whales remove between 2965 and 3896 t of Fuegian sprat per year during a feeding period
of 120 d. However, if estimates are extended to an abundance of 204 humpback whales during the
period 2004−2017, the consumption is elevated to 8167−8383 t yr−1. The estimates provided here
are useful to apply as input data for consumption by humpback whales in the Fuegian sprat fishery management as well as for conservation plans of this small and vulnerable feeding subpopulation of humpback whales.
KEY WORDS: Bioenergetic model · Prey consumption · Humpback whale · Megaptera
novaeangliae · Fuegian sprat · Sprattus fueguensis · Magellan Strait
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The effective conservation of marine populations
requires understanding their biological needs and
the potential threats that may affect health and survival at both the individual and population levels.
Baleen whales, as apex predators in marine ecosystems, are significant consumers of prey resources
(Kenney et al. 1997), and many species preyed upon
by cetacean populations are also targeted by other

marine predators and commercial fisheries (Kenney
et al. 1997, Trites et al. 1997). After extensive exploitation by commercial whaling around the world
(Clapham et al. 1999a), whales face multiple other
threats, from chronic issues such as pollution (chemical and noise) and changing environmental conditions to acute issues such as toxicity, ship strikes,
and entanglement in fishing gear (Kraus et al. 2005,
Thomas et al. 2016). Another acute issue is overfishing, which has profound direct and indirect impacts
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on ecosystems (Jackson et al. 2001, Pauly et al.
2002, Bearzi et al. 2006), biodiversity, and marine
food webs (Pauly et al. 1998). Such ‘fishing down’
ultimately affects top predators such as baleen
whales.
One whale subpopulation of concern is a discrete
and distinctive feeding unit of humpback whales
Megaptera novaeangliae in the Magellan Strait, Fuegian Archipelago, Chile (Fig. 1). This feeding subpopulation is considered a subset of the eastern South
Pacific humpback whale population (Acevedo et
al. 2013), even though significant differentiation in
mtDNA has been found with other areas within the
eastern South Pacific (Félix et al. 2012). In a conservation effort, the Chilean government established
the first marine and coastal protected area, and the
first marine national park in the country (Decree 276
of 2004), to conserve a fraction of this feeding area
outside Antarctic waters. Humpback whales are classified as ‘least concern’ in Chilean waters; however,
recent abundance estimates for the Magellan Strait
feeding subpopulation indicate that it is small (n =
204 whales) and is growing slower than expected
(2.3% annually, Monnahan et al. 2019), making it
vulnerable to depletion or extinction if conservation
efforts are not elevated, until further evidence suggests otherwise.

Unlike other southern populations of humpback
whales that migrate to Antarctic waters to feed on
dense patches of krill, Magellan Strait humpback
whales have a mixed diet that includes krill Euphausia spp., squat lobsters Munida gregaria, and Fuegian sprat Sprattus fueguensis (Acevedo et al. 2011,
Haro et al. 2016). While squat lobsters are a potential
fishery resource around the southern tip of South
America (Diez et al. 2018), the Fuegian sprat is an
economically important fish species in the northern/
central Patagonian fjords of the Chilean coast since
2006 (Neira et al. 2014). However, Fuegian sprat fishery landings have shown a persistent reduction during the period 2009−2017, resulting in high harvester
pressure on management to extend the commercial
harvest of this species toward the southern Patagonian ecosystem.
The potential overlap between these sprat fisheries
and the Magellan Strait humpback whale distribution raises questions as to whether the general food
needs of humpbacks are adequately met and the
potential of this baleen whale to deplete fish stocks
and jeopardize commercial fisheries. The eventual
extension of a potential interaction between the Magellan Strait humpback whales and the possible
opening of the commercial sprat fishery in the extreme south of Chile, requires the provision of prior

Fig. 1. Study area, showing locations of humpback whale sightings (black crosses) and the Francisco Coloane Marine and
Coastal Protected Area (dark grey shaded area)
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information in order to implement effective measures
to ensure the adequate maintenance of the sprat biomass needed to sustain eventual fishery activities in
the southernmost part of Chile, the feeding subpopulation of humpback whales, and the sprat population
itself. To assess the biomass of sprat eaten by the
Magellan Strait humpback whale subpopulation,
information on the whales’ energy requirements to
survive during one complete migratory cycle is necessary. Here, we built a velocity-dependent bioenergetic model to predict the annual energy requirements, and used data relative to diet and the
population size of these whales to predict the seasonal consumption of sprat by this summering humpback whale subpopulation.

2. MATERIALS AND METHODS
The model used to estimate Fuegian sprat consumption by humpback whales was structured following the scheme proposed by Winship et al. (2002).
The model has 3 main components: (1) an estimate of
annual bioenergetic requirements; (2) estimates of
humpback population size, age class, and sex structure; (3) estimate of the relative contribution of sprat
to the whale diet.
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data from other baleen whale species (particularly fin
whales) when values were not available for humpback whales. Parameter values for each age class
were chosen from distributions of possible values by
incorporating uncertainty into each model parameter
using Monte Carlo methods, from which mean and
standard deviation estimates of energy requirements
were calculated. Model parameters were tested for
sensitivity to provide direction for future research.
Gross energy requirements (GER) for different sexes,
age classes, and reproductive states were estimated
using the following equation:
GER r =

+G + A
+ R ) × (T )
(( BMR
DE × AE )
r

(1)

where BMR is basal metabolic rate, G is growth energy, A is activity cost based on swimming speed, DE
is the efficiency with which metabolizable energy is
used (or 1 minus the heat increment of feeding expressed as a proportion of metabolizable energy), AE
is assimilation efficiency, and R is the total cost of gestation or lactation. T represents the time in days that
whales spend in each seasonal stage of an annual cycle (feeding, migrating, or breeding), and subscript r
represents each seasonal stage. The energy budget to
maintain an individual’s metabolic functions during a
year (GERannual) can then be expressed as:
GERannual = Σ GERF + GERM1 + GERB + GERM2 (2)

2.1. Bioenergetics requirements
The energy requirements (in kcal) of humpback
whales were estimated using a velocity-dependent
bioenergetic model that includes metabolic rate;
growth (also referred to as production); activity
based on the swimming speed of the whales during
the feeding, migration, and breeding seasons; heat
increment of feeding; digestive efficiency (fecal and
urinary); and reproduction costs (during pregnancy
and lactation). Requirements were calculated for
each age class, sex, and reproductive status for mature
females. Age class categories were calves (<1 yr old),
juveniles (1−5 yr), and adults (≥ 6 yr) (Chittleborough
1954, 1955). Requirements for both sexes were calculated separately because length and mass for adult
males and females differ significantly (Matthews
1938, Chittleborough 1965). Adult females were categorized as non-reproductive or resting (not pregnant
or lactating), pregnant, or lactating.
Since no specific studies have focused on energy,
behavior, and physiology of the humpback whales in
the Magellan Strait, the model was mainly parameterized using published species-specific data and

where GERF is the gross energy requirement spent on
the feeding ground, GERM is the gross energy requirement spent during migration from and to low and high
latitudes, and GERB is the gross energy requirement
spent on the breeding ground. We assumed that individuals must satisfy all of their energy needs at the
feeding ground, and that they fast while migrating and
while at the breeding ground. The average residency
time of the humpback whales in the study area (TF)
was considered to be 120 d (Acevedo et al. 2014), and
the months of January to April were considered to be
the period of primary occupancy, even though some
animals can be present outside these months (December and May). To estimate migration time in days
(TM), average swim speed from the published data
and distance covered between feeding and breeding
habitats were integrated using the expression:
TM =

DM
24 × VM

(3)

where DM is the distance covered (7000 km; Acevedo
et al. 2017), VM is average swim speed during migration (km h−1; for all parameter values used, see
Table S1 in Supplement 1 at www.int-res.com/articles/
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suppl/m657p223_supp1.pdf) multiplied by a factor of
24 (h) to represent a day. Given TF and TM , the time
(in days) that an individual remains on the breeding
ground (TB) can be expressed as:
TB = 365 − [TF + (TM × 2)]

(4)

Basal metabolic rate (BMR, kcal) was estimated
using an allometric model from Kleiber (1975):
BMR = aM b

(5)

where M is body mass (kg), and a and b are constants
(intercept and slope, respectively). However, whether
the scaling of b (slope) should be close to ~0.67 or
~0.75 remains unclear (Farrell-Gray & Gotelli 2005,
White & Seymour 2005, Hudson et al. 2013); therefore, uncertainty was incorporated into the estimate
by using output from 10 000 iterations from a uniform
distribution of possible values of b between 0.67 and
0.75 with each value between the limits having an
equal probability of being sampled; 95% confidence
intervals were calculated by 1000 bootstraps of these
data. Constant a was assumed to be 70 kcal d−1 and
was assumed to not vary (Kleiber 1975).
Reliable mass-at-age data do not exist for humpback
whales. Thus, first length-at-age and then mass-atlength curves were estimated for each sex and age
class, using whaling data reported from the Australian
commercial catches (Chittleborough 1965). Three
length-at-age models (von Bertalanffy, Gompertz, and
logistic) were adjusted with nonlinear least squares
regression using the ‘nls’ package in R v.3.5.1 (R Core
Team 2018), and the selection of the best model was
evaluated based on values of the determination coefficient (R2) and Akaike’s information criterion (AIC).
Parameters L∞ (asymptotic size), k (growth rate coefficient), and t0 (age when size is zero) for each sex were
adjusted by 1000 random bootstraps with replacement
for each iteration of the model, generating 95% confidence intervals of the replicates (see Table S1). The von
Bertalanffy model was judged as the best descriptor of
growth for both sexes. Growth in weight-at-age was
then modeled using the allometric relationship derived
from Schultz (1938) to predict mass-at-age:
M = aLb

(6)

where M is mass (kg), L is length (cm), and a (0.016)
and b (2.95) are species-specific constants without loss
of fluids (Lockyer 1976). Uncertainty was incorporated
into the mass-at-age estimates by first bootstrapping
the allometric model and generating 10 000 fitted parameters, and then by using predicted length-at-age
estimates from 10 000 bootstrap replicates (Fortune et
al. 2013).

The elevated BMR of calves and juveniles that are
actively growing was considered. BMR declines linearly from birth to sexual maturity (Winship et al.
2002); thus, a scaling factor of twice the BMR of an
adult was assumed for calves, and scalar values decreasing linearly from 1.8 (1 yr old) to 1.1 (5 yr old).
The elevated BMR of calves and juveniles is properly
termed ‘resting metabolic rate’ since only adult animals meet basal requirements as defined by Kleiber
(1975); however, for consistency, the term ‘BMR’ was
maintained. Since baleen whales are within their
thermoneutral zone (Watts et al. 1993), thermoregulatory costs were assumed to be negligible.
The growth process involves the synthesis and
apposition of tissues, and both processes require
energy to occur. The growth process is mainly related to body mass, and decreases with increasing
age until physical maturity; therefore, these costs
were calculated as the amount of energy invested in
the increase in body mass from one age to the next
following Winship et al. (2002):
G = (ΔM ) × [(Plip × ED lip) +
(1 – Plip)(1 – Pwater) × ED pro]

(7)

where G is growth (kcal), ΔM is the change in mass
resulting from growth (kg) between one age and the
next, Plip is the proportion of body mass that comprises lipids, ED lip and ED pro are the standardized
energy densities of lipids and proteins (9.5 and
5.65 kcal g−1, respectively; Brody 1945), and Pwater is
the proportion of lean tissue that is water. Body mass
was assumed to be either lipids or lean tissue, and
lean tissue was assumed as either proteins or water,
where the amount of protein in the lean tissue can be
expressed as 1 − Pwater (Winship et al. 2002). The
average increase in body mass (ΔM ) was estimated
from the adjusted growth curves. Lipids are found in
both blubber and lean tissues (muscle and viscera) of
whales in different amounts. For humpback whales,
only data for blubber are available and are mostly
limited to males (Waugh et al. 2014). Thus, data of
lipid proportions reported for fin whales Balaenoptera physalus were used, as in other similar studies
(e.g. Fortune et al. 2013, McMillan 2014, Braithwaite
et al. 2015). Mean proportions of lipid in the bodies of
female fin whales range from 61.2 to 77.3% in subcutaneous blubber, 21.1 to 21.5% in muscle, and
approximately 66.3% in viscera; while for males
these proportions range from 62.2 to 77.6%, 11.8 to
19.0%, and approximately 56.7% for those same
components (Lockyer et al. 1985, Lockyer 1986, Víkingsson 1990). Thus, an average proportion of 52 and
47% of lipids were assumed for females and males
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of all age classes, respectively. Lean tissues have
been estimated to be 60 and 75% water in fin whales
(Lockyer 1981). Calves and juveniles have additional
energy requirements for growth (Lavigne et al. 1986,
Innes et al. 1987); therefore, a factor for additional
needs was added as a proportion of BMR of 2.0 for
calves, from 1.86 (1 yr old) to 1.16 (5 yr old juveniles),
and 0 for the adult class, following Olesiuk (1993)
and Hammill et al. (1997) for phocids.
The main activity of whales is swimming, and the
energy needed to propel themselves through water
depends on their swimming velocity (Hind & Gurney
1997). To maintain a constant swimming speed, the
individual must exert a propulsive force that matches
the drag force resulting from its movement (Hind
& Gurney 1997). Moreover, a diving animal must
actively swim against drag and buoyancy forces. To
calculate the cost of this effort for whales, the theory
for the flapping flight of birds was applied (Watanabe
et al. 2011). Total metabolic power (Pometab , J s−1) is
expressed as:
Pometab = BMR + (Podrag + Po buo + Po ind) / ε

(8)

where Podrag represents the metabolic cost of the
mechanical effort required to actively propel an animal at speed V, Pobuo is the buoyancy power needed
to swim against buoyancy, Poind is the induced power
needed to avoid sinking in the water column, and ε
is the efficiency of converting mechanical power
into metabolic power. Following Watanabe et al.
(2011), Poind in whales is assumed to be negligible
compared to the other components of mechanical
power at all depths and was therefore not included in
the equation. Thus, the Pometab equation can be rewritten as:
Pometab = BMR +

(( 2λ⋅ε ρ ⋅ S ⋅C

D

θ
))
) ( B ⋅ sin
ε

⋅V 3 +

(9)

where ρ is water density (kg m−3), S is the surface
area of the whale (m2), CD is the drag coefficient, λ is
a constant ratio of the drag of an active swimmer to
that of a passive object moving at the same speed, B
is the magnitude of buoyancy, θ is the absolute pitch
angle relative to the horizontal plane, V the swimming velocity (m s−1), and ε is combined efficiency.
The first term corresponds to the amount of mechanical work required to actively propel the whale (Hind
& Gurney 1997), and the second term refers to buoyancy power (Watanabe et al. 2011). The λ value does
not currently exist for humpback whales, so we used
the value of 0.70 suggested for minke whales B. acutorostrata (Hind & Gurney 1997). The approximations derived to calculate S, CD, B, and ε are pre-
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sented in Text S1 in Supplement 2 at www.int-res.
com/articles/suppl/m657p223_supp2.pdf.
Activity costs were assumed to be dependent on
the daily activity of the animals, as different behaviors (e.g. foraging, transiting, resting, nursing) are
usually performed at different swimming speeds.
Therefore, Pometab was estimated separately for each
daily activity by combining the available information
on swimming speeds and proportion of time spent in
these daily activities. Since no data on swimming
speed and proportion of time spent in these daily
activities is available for Magellan Strait humpback
whales, published information from satellite tracking
studies were used as a proxy to estimate average
swim speeds and to quantify average time spent on
predominant behavioral modes (see Table S1). This
approach allows the identification of at least 3 predominant behavioral states conservatively classified
as: (1) transit, (2) area-restricted search (ARS), and
(3) unclassified or uncertain behaviors. The ARS
behavioral state is suggestive of foraging activity in
the feeding areas (Kareiva & Odell 1987, Jiménez
López et al. 2019), whereas in low latitudes, it would
be indicative of nursing females (in case of mothers
with calves) or of singing for males. All behavioral
states not classified as transit or ARS were considered to be unclassified behavioral states. We also assumed that individual whales swam at a constant
speed during the entire period of a predominant
behavioral mode. For the feeding areas, the available
information is less detailed for both predominant
behavioral states and for age and reproductive class.
Thus, published information on the feeding areas
were tabulated as maximum, minimum, and intermediate speeds to be representative of transit, ARS,
and uncertain behaviors. Based on the above, Eq. (9)
was rearranged by incorporating the daily time spent
on each behavioral state (Tbeh) as follows:

{

((

Pometab-beh =

)(

λ
B ⋅ sin θ
BMR +
ρ ⋅ S ⋅ C D ⋅Vbeh 3 +
2⋅ε
ε

))}T

(10)

beh

Therefore, the daily activity cost for each stage of
the annual cycle (feeding, migrating, and breeding
season) must be respectively expressed as a sum of
the energy needs of transit, ARS, and uncertain
modes for each stage as:
Pometab–feed = Σ Potransit + PoARS + Pouncertain (11)
Pometab–breed = Σ Potransit + PoARS + Pouncertain (12)
Pometab–migr = Σ Potransit × 24

(13)
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In Eq. (11), the calf class was excluded from the calculations of PoARS because of the lack of accurate
information on when they begin to feed on solid prey,
even when weaning would occur during the feeding
season (Clapham et al. 1999b). Similarly, juveniles
were also excluded from the calculations of PoARS in
Eq. (12), and we assumed a proportion of time spent
of 50% in both transit and uncertain behavioral
states. Moreover, Eq. (13) does not incorporate PoARS
and Pouncertain states, as we assumed that the animals
travel at a constant speed and course between low
and high latitudes (Horton et al. 2011). In addition,
the available information on migration speed differs,
in certain cases, only among groups with and without
calves. Therefore, one average migration speed from
the literature was assumed for individuals without
calves and another for mother−calf dyads.
Humpback whales exhibit the most varied feeding
strategies among baleen whales (e.g. Hain et al.
1982, Acevedo et al. 2011). Overall, humpbacks and
other rorquals lunge with their mouth fully agape,
generating dynamic pressure to stretch their mouth
around a large volume of prey-laden water, which is
then filtered by their racks. This mode of filter feeding has been reported to entail a high energetic cost
(Goldbogen et al. 2008). To include this energetic
cost, a second term was added to PoARS of Eq. (11)
based on the approximation and values of Goldbogen et al. (2012) for humpback whales:
Ceng = Σ Qω / ηcombined

(14)

where Ceng is lunge feeding costs during the dive
(metabolic energy, in hours), ΣQω is lunge feeding
costs during the dive (mechanical energy), and ηcombined
is combined efficiency. Lunge feeding costs during
the dive were adjusted to reflect engulfment of fish
and crustaceans. Accordingly, an average rate of
27 lunges h−1 was assumed considering that a humpback whale makes, on average, 5 lunges h−1 when
feeding on fish and 49 lunges h−1 when feeding on
crustaceans (Owen et al. 2017).
Energy budgets for reproduction (R) were estimated for pregnant and lactating adult females.
Humpback whales have a calf every 2 yr (Chittleborough 1958); consequently, within a given year, adult
females considered in the model were either pregnant, lactating, or resting. The energy costs associated with pregnancy (Rpreg, in kcal d−1) were predicted using the relationship from Brody (1945):
Rpreg = 4400 · M f1.2

(15)

where Mf is the mass of the fetus (in kg). This equation is assumed to include the energy spent on main-

taining the uterus and the fetus, maternal growth
resulting from pregnancy, and the maternal physiological load (Brody 1945, Lockyer 2007). Growth
curves of fetal length have been constructed (e.g.
Matthews 1938, Nishiwaki 1959); however, no fetal
length−weight allometric relationship is available.
Thus, average fetal mass was estimated using the
relationship between gestation time and birth weight
formulated by Huggett & Widdas (1951):
M b = af (tg – tc)

(16)

where Mb is average birth weight (in g), af is a constant of specific fetal growth rate, tg is the gestation
time (in days) from conception to ~12 mo of pregnancy (Matthews 1938, Chittleborough 1958, Nishiwaki 1959), and tc is a constant time (in days) from
the conception prior to the phase of linear growth. By
deriving the specific constants (af and tc, see Text S1),
Eq. (16) can be converted to cubic units to estimate
mean fetal weight (Mf) (Lockyer 1981) as follows:
M f = [af (tg – tc)]3

(17)

The lactation period in humpback whales is
approximately 11 mo (Chittleborough 1965), but
when calves begin to feed on solid prey remains
uncertain. Thus, it was assumed that the mother must
produce enough milk to support the maintenance,
growth, and locomotion of its offspring until weaning. The energy required for lactation depends on
the energy content of the milk produced, which in
turn is a function of the protein and lipid content
(Oftedal 1997). Following Winship et al. (2002), the
metabolic demand to produce a quantity of milk in a
given time (Rlac) is described as:
R lac = M m · [(Plip m · EDlip) + (Pprot m · EDprot)] (18)
where Mm is the mass of milk transferred in a given
time; P lipm and P protm the proportion of lipid and
protein in the milk, respectively; and EDlip and EDprot
are the standardized energy densities of lipids and
proteins, respectively. The estimated calf energy requirements from protein and lipid content in the milk
composition were incorporated to account for the
costs of lactation. Cetacean milk contains variable
proportions of water, fat, protein, and other constituents (minerals, ash, vitamins) that vary among
species, among individuals, and across the lactation
period (Best 1982, Oftedal 1997). For humpback
whales, only 1 report of milk composition is available, and the composition was shown to change over
time (Oftedal 1997); this was considered in our model
to estimate the caloric content of milk. The energetic
cost of producing enough milk to support all of the
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daily energy requirements of the offspring was then
estimated. Daily milk production was also corrected
for assimilation efficiency because a part of the
energy in the milk consumed is lost through urine
and feces (Winship et al. 2002). The digestibility efficiency of pre-weaned calves of blue whales B. musculus and fin whales has been estimated as 86−93%
(Lockyer 1981, 2007), so an average value of 90%
was used.
The digestive and assimilation efficiencies in
humpback whales have not been estimated; therefore, we used values published from other whale species studies. A digestive efficiency (DE) of 86% and
an efficiency of assimilation (AE) of energy of 80%
was incorporated in the model (Lockyer 1981,
Markussen et al. 1992, Fortune et al. 2013). See
Table S1 for the full list of parameter values inputs
and sources.
Sensitivity analysis was performed to determine
the model’s sensitivity to inclusion and variation in
each of the input parameters, and it was determined
using the global sensitivity index based on the
decomposition of the variance from the ‘sensitivity
package’ in R v.3.5.1. (Pujol et al. 2017). A cut-off
value of 0.05 was used, as it is frequently chosen to
distinguish important from non-important parameters in this type of analysis (Zhang et al. 2015). A first
analysis of the model was carried out to identify the
energetic sub-models of greater sensitivity using the
Sobol (Si) first order index estimation method with
the ‘sobolSmthSpl’ function (Ratto & Pagano 2010).
The parameters of these energetic sub-models were
then evaluated by using the ‘SobolSalt’ function of
the Saltelli scheme (Saltelli 2002) to estimate the first
order (Si) and total (STi) index.

2.2. Seasonal abundance and age class structure
of humpback whales
Seasonal and total abundances of humpbacks in
the study area were previously estimated using Bayesian robust-design mark−recapture models (Monnahan et al. 2019). These models were fit to photo-ID
data from 2004 to 2017 during the austral summer.
For this study, only the median estimated abundance
for the 2011 and 2012 feeding seasons were used to
match with the δ13C and δ15N data (see Section 2.3).
The proportion of age class (adults, juveniles, and
calves) and adult females in different reproductive
states (resting, pregnant, and lactating) were considered in our analysis. Briefly, individuals of known
age were considered as those that were first ob-
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served as calves accompanying adult females (mothers), and females were assumed to be sexually
mature if they were seen with an accompanying calf.
Additionally, individuals of known age were categorized as sexually immature or adults if they were less
or more than 6 yr old, respectively (Chittleborough
1954, 1955). For whales of unknown age, a minimum
age was assigned based on the years elapsed since
the first time the individual was photo-identified.
Sighting histories from 2003 to 2017 are kept in the
Marine Mammals Laboratory of the CEQUA Foundation. Females were assigned a pregnant status when
they were seen without a calf in the previous season
and then with a calf in the next feeding season.
Finally, adult females were considered as resting
when they were not observed with a calf in any season (2011, 2012, or 2013). The estimated proportions
of individuals that were present but unobserved
using the mark−recapture models in both 2011 and
2012 feeding seasons were assumed to be the same
ratio for adults and juveniles. Sex ratios was considered to be 50:50 (Acevedo et al. 2014) and homogeneous throughout all age classes.

2.3. Diet of humpback whales
The relative contributions of Fuegian sprat, squat
lobsters, and krill to the humpback diet were evaluated previously for the 2011 and 2012 feeding seasons, from skin biopsy samples using carbon (δ13C)
and nitrogen (δ15N) stable isotopes (Haro et al. 2016).
Overall, the diet of those 2 years indicated a significant change, with sprat as the dominant prey during
2011, and crustaceans dominating in 2012. However,
this finding should be considered with caution, because no corrections of the elemental carbon to nitrogen ratio (C:N) were performed, and the simulated
diet for the 2011 feeding season did not include krill
values.
For this study, the diet for humpback whales were
re-evaluated using mixing models via Bayesian inference within the ‘SIMMR’ package (Parnell & Inger
2016). The same δ13C and δ15N data used by Haro et
al. (2016) for sprat, squat lobster, and krill were used
as prey source values and the individual whale values as consumers. Moreover, the δ13C and δ15N values of the humpbacks were subdivided by sex and
age class as factors. No skin samples were obtained
from pregnant female humpbacks in 2011. Previously, the elemental carbon to nitrogen (C:N) ratio of
all samples was analyzed as a proxy for lipid content
(McConnaughey & McRoy 1979), and we used
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threshold values (mean ± SD) reported for krill (3.6 ±
0.1; Bentaleb et al. 2011), white muscle of sprat (3.3 ±
0.1; Caut et al. 2011), and skin of humpback whales
(3.3 ± 0.17; Ryan et al. 2012). No threshold value is
available for squat lobsters, so we assumed they had
the same threshold as krill. Samples exceeding these
threshold values were arithmetically corrected using
a nonlinear equation adjusted for complete bodies of
vertebrates and marine invertebrates from Kiljunen
et al. (2006) to correct lipid-free δ13C values. For
humpback whale skin, an isotopic discrimination factor (D) between lipid and protein of 7.7 and a constant (I) of −0.05 (Ryan et al. 2012) was used, while a
D of 7.018 and an I of 0.048 were used for the prey
samples (Kiljunen et al. 2006, Ryan et al. 2014). In
addition, for the 2011 season, the krill values of the
2012 season were used as a proxy. Diet−tissue discrimination factors for humpback whales were
unavailable, so we used values derived from fin
whale skin (1.28 ± 0.38 for δ13C and 2.82 ± 0.30 for
δ15N; Borrell et al. 2012). The diet mixing solutions
are expressed as means (± SD) with 5−95 percentile
ranges.

2.4. Estimation of Fuegian sprat removed by
humpback whales
Sprat biomass consumed by humpback whales
was estimated for individual whales older than 1 yr,
using a diet model proposed by Winship et al.
(2002):
GER × prey i
BR i =
(19)
EDdiet
where BRi is biomass of prey category i (in this
case, for sprat), GER is the annual gross energy
requirement by humpback age class and sex,
preyi is the proportion of total diet biomass comprised of prey category i, and EDi is the mean energetic density of diet i:
EDdiet = Σ i preyi EDi

(20)

We used energetic density values of the 3 prey species from Ciancio et al. (2007).

3. RESULTS
3.1. Age class structure of summering
humpback whales
A total of 60 and 73 unique individuals were
photo-identified in 2011 and 2012, respectively. The

seasonal estimated abundances from the Bayesian
robust-design mark−recapture were 78 (95% CI:
75−83) and 96 whales (95% CI: 93−101), respectively. Population structure was 76.9% adults (including 4 pregnant and 3 lactating females), 19.2%
juveniles, and 3.8% calves in 2011. For 2012, the
structure was 69.8% adults (including 2 pregnant
and 5 lactating females), 25.0% juveniles, and 5.2%
calves. No significant differences were found among
the proportions of adults, juveniles, and calves
between years (χ2 = 1.11, df = 2, p = 0.57). The number of individuals per sex and age class in 2011 and
2012 is shown in Table 1.

3.2. Annual energy requirements of
humpback whales
Modeled daily and annual energetic costs for each
age class and sex are summarized in Table 2. In general, our model predicted an increase in energetic
demand from calves to sexually mature individuals,
and that juvenile and adult males require approximately 16% less energy than females of the same age
class. On an annual basis, our model predicted that
male calves require on average 18.88 × 107 kcal yr−1,
while lactating females require 2.8 times more energy.
Juvenile males have the second lowest energy requirement, whereas juvenile females require slightly
more energy (2%) than adult males. Non-reproductive
adult females require approximately 14.8% more
energy than adult males, and pregnant females are
predicted to have a 10.4% higher energetic requirement than non-reproductive adult females.
Extrapolating the annual energy requirements per
capita to the estimated abundance of whales for the
Magellan Strait, this results in an energy budget for
this subpopulation of 19.32 × 109 and 23.41 × 109 kcal
yr−1 for 2011 and 2012, respectively.
Humpback whales spend an average period of 4 mo
(120 d) in the Magellan Strait feeding area. Under this
scenario, the modeled energy costs for each juvenile
and adult whale would be approximately 17.98 × 105
± 1.1 × 105 and 19.80 × 105 ± 0.3 × 105 kcal d−1 for males,
respectively; approximately 19.85 × 105 ± 1.3 × 105 and
~23.26 × 105 ± 0.3 × 105 kcal d −1 for juvenile and nonreproductive adult females; and approximately
25.98 × 105 ± 0.3 × 105 and 35.49 × 105 ± 0.2 × 105 kcal
d−1 for pregnant and lactating females, respectively;
or a total consumption of 66−100 kcal kg−1 d−1 according to age, sex, and reproductive classes. These
daily energy requirements to be acquired in the
feeding area are 3 times higher than if humpback
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for lactating females, as the parameter
values used in the model were more
sensitive to lactation costs (Si = 0.69).
Growth costs were the second most
sensitive sub-model (Si = 0.20−0.23)
(Fig. 2). The most sensitive parameter
for the activity sub-model was body
Season
Calves
Juveniles
Adults
Total
weight, which had the highest coeffiMale Female
Male
Female
Male
Female
cient for female calves (Si : 1.12) and
2011
1
2
7
8
31
29
78
lowest for non-reproductive adult fe2012
3
2
13
11
35
32
96
males (Si: 0.31). Tissue density (Si :
0.15−0.26) and traveling speed (Si :
0.24−0.38) were 2 other sensitive
Table 2. Estimated mean ± SD daily and annual per capita enparameters only for adults. For the growth subergy requirements (in kcal) for individual humpback whales
model, body weight was also more sensitive for both
modeled from our bioenergetic approach
females (Si : 0.894−0.959, STi : 0.841−1.047) and
males (Si : 0.772−0.779, STi : 0.757−1.013). The preAge class
Sex
Daily (×105)
Annual (×107)
dicted energy requirements of lactating females
were sensitive to the proportion of lipids in the milk
Calves
Male
5.16 ± 0.31
18.88 ± 0.2
(P lipm) (Si : 0.972, STi : −0.813) because of the greater
Female
5.18 ± 0.34
18.92 ± 0.4
range of variation during the entire lactation period.
Juveniles
Male
5.91 ± 0.62
21.58 ± 1.3
Female
6.52 ± 0.56
23.82 ± 1.5
A second variable, but of lower sensitivity, was the
Adults
Male
6.51 ± 0.84
23.77 ± 0.3
mass of milk produced (Si : 0.217; STi : −0.051).
Table 1. Number of humpback whales by sex and age class for both 2011 and
2012 summer seasons. Age classes of unknown identified individuals were assigned according to the years elapsed since the first time they were photoidentified, while the estimated proportion of whales present but unobserved
from mark−recapture models was assumed to be equal for adults and juveniles,
and between sexes (see Section 2 for details)

Female
Pregnant
Lactating

7.65 ± 0.26
8.54 ± 0.49
14.01 ± 0.95

27.92 ± 0.4
31.18 ± 0.3
42.59 ± 0.2

3.3. Relative contribution of Fuegian sprat to the
modeled humpback diet
whales were to meet their annual energy demands
by eating the same amount every day throughout the
year.
The energy requirements were sensitive to the uncertainty in the values used in the activity sub-model
for all age classes (first order Si = 0.57−0.92), except

The posterior distributions of the isotope mixing
models estimated an average (± SD) dietary contribution of 27.4 ± 21.2% and 32.7 ± 22.2% of sprat for
2011 and 2012, respectively. The contribution of
sprat differed significantly between years (Wilcoxon-

Fig. 2. Sensitivity analysis from the bioenergetic model for each age class of humpback whales. An arbitrary cut-off value of
0.05 was used to distinguish important from non-important sub-models (dashed lines). BMR: basic metabolic rate
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Mann-Whitney test: W = 31902, p = 0.001). There
was also some identifiable deviation in the sprat contribution among age classes for each austral season
(Kruskal-Wallis test: χ22011 = 333, df = 4, p = 0.001;
χ22012 = 282.27, df = 5, p = 0.001). In 2011, the sprat
contribution among age classes ranged between 24.8
± 20.2 and 31.8 ± 22.5%, and Dunn’s post hoc test
revealed that juvenile females mostly fed on sprat
(Fig. 3). The probability (Pr(D|M)), obtained from the
posterior distribution given data (D) and model (M),
for juvenile females consuming more sprat than the
other age classes was 0.58. Conversely, the proportions of sprat varied between 25.5 ± 18.4 and 41.6 ±
24.0% in 2012; however, Dunn’s post hoc test revealed that juvenile males consumed a smaller proportion (Pr(D|M) = 0.60), while pregnant females consistently tended to feed on a higher proportion of
sprat than the other age classes (Pr(D|M) = 0.63).
Juvenile females, adult males, and non-reproductive
adult females consumed sprat in similar proportions
(Fig. 3).

3.4. Consumption of Fuegian sprat biomass by
humpbacks in the feeding area
Assuming no change in the diet throughout the
summer feeding period, our consumption model estimated that male and female juveniles, with a mean
body weight of 19.9 and 20.7 t, would have a daily
consumption of 241 and 383 kg of sprat, respectively,

while adult male and female with a mean body mass
of 31.0 and 38.3 t would consume 304 and 394 kg,
respectively. Pregnant females would consume approximately 547 kg, while lactating females would
consume approximately 533 and 637 kg of sprat in
2011 and 2012, respectively (Table 3). These daily
estimations were equivalent to 0.98 and 1.70% of the
whales’ body weights.
If humpback whales were to eat the respective
amount of sprat every day, the 78 and 96 whales estimated for 2011 and 2012 summer seasons would
have consumed approximately 24.7−32.5 t of sprat
each day. Assuming that humpback whales obtain all
of their required energy during the summertime
feeding period, 2965 t (95% CI: 2892−3131 t) and
3896 t (95% CI: 3777−4099 t) of sprat would be estimated to be eaten by this humpback subpopulation
during a feeding period of 120 d.

4. DISCUSSION
Herein, we estimated the seasonal Fuegian sprat
consumption by the Magellan Strait humpback
whales, which can be used in global-level or ecosystem-level modeling studies to examine the potential
impact of humpback whales on sprat populations and
fisheries, as well as assist in the conservation of this
summering humpback whale subpopulation. Our
results are based on a generalized model that integrates annual energy requirements per sex, age

Fig. 3. Posterior distributions of the dietary proportions of Fuegian sprat for each age class of humpback whale. Values in parentheses are mean ± SD. JM: juvenile males; JF: juvenile females; AM: adult males; AF: adult females (non-reproductive/resting); P:
pregnant females; L: lactating females. Non-skin samples were obtained for pregnant females in 2011. Notch in center of
boxes represents the median, box edges the interquartile range (25th and 75th percentiles) of the data distribution, and
whiskers the range of maximum and minimum values
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daily energy needs and have not been
included in other energetic models
for baleen whales. Relatively high
energy requirements were also obAge
Juvenile
Adult
tained using a velocity-dependent bioclass
Male
Female
Male
Female Pregnant Lactating
energetic model for the harbor porpoise Phocoena phocoena compared
2011
287 ± 234 383 ± 271 304 ± 232 391 ± 301
−
533 ± 428
to
other estimates for the same spe2012
241 ± 174 333 ± 236 330 ± 234 394 ± 264 547 ± 316 637 ± 423
cies, and even similar-sized cetacean
species (Gallagher et al. 2018).
class, and reproductive status, relative contribution
A second means of comparison is the prediction of
of sprat in the whale diet, and seasonal numbers of
energy related to mass-specific and overall energy
humpback whales in the Magellan Strait. As for any
budget estimates. Our predictions for juveniles and
models, our food intake estimates are based on some
adults (21−40 kcal kg−1 d−1) appear to be similar to
previous mass-specific value estimates for humpkey assumptions: (1) energy requirements are adebacks (16−31 kcal kg−1 d−1; Sigurjónsson & Víkingsquately estimated, (2) numbers-at-age class of humpson 1997, McMillan 2014), and to those of a similarbacks can be determined for the population, and (3)
sized species, such as the North Atlantic right whale
the solutions of stable isotope models accurately
Eubalaena glacialis (15−36 kcal kg−1 d−1; Fortune et
reflect the contribution of each prey species to the
al. 2013). Our model also predicted that juvenile and
diet of humpback whales. Thus, deviations in these
adult males require approximately 16% less energy
key assumptions affect the food requirement estithan females from the same age class, a finding that
mates and can result in markedly different concluhas also been reported for other cetacean species
sions. We examined the impacts of such assumptions
(Fortune et al. 2013, Gallagher et al. 2018), and that
by validating the model in a variety of ways, and
partly results from differences in body composition
incorporating variance in our model estimates.
(length and weight) between sexes. As expected,
calves had lower daily energetic requirements than
adults; however, differences in energy requirements
4.1. Validation of the energy requirement model
among adults reflect the portion of time that adult
females spend in different reproductive states, and
Our bioenergetic model provides a first approach
hence the greater amount of energy that adult
to estimate the energy requirements of the Magellan
females have to make up for when they are pregnant
Strait humpback whale subpopulation. The model
and lactating. Our model predicts that pregnant
was constructed to include the costs of basic energy
females require approximately 10% more energy
needs, but does not include the additional energy
than non-reproductive adult females despite the inthat can be stored in the adipose tissue, which is
crease in drag costs and work resulting from a larger
expected in the wild. Overall, our estimates of daily
surface area during pregnancy. While the daily costs
energy requirements for humpback whales were
of pregnancy may be relatively low, those of lactation
27% higher than those of British Columbian humpare considerably higher. Lactating females required
back whales (e.g. McMillan 2014, Braithwaite et al.
almost 39% more energy per day compared to when
2015) but similar to that estimated for Icelandic
they were pregnant, and up to 45% more energy
humpback whales (Sigurjónsson & Víkingsson 1997).
compared to non-reproductive adult females. Such
However, such comparisons have a limited value, as:
differences among different reproductive states have
(1) different parameter values were used (including
also been found in other cetacean species (e.g. Lockbody weight), (2) some parameters (buoyancy and
yer 2007, Fortune et al. 2013, Gallagher et al. 2018),
lunge feeding costs) were not evaluated in the other
and matches the general mammalian pattern of lacmodels, (3) constant energy budgets in time were
tation being much more energy-expensive than
assumed in the other models, and (4) each study was
pregnancy (e.g. Young 1976, Costa et al. 1986, Gittleunique or context-specific. Our estimates of energy
man & Thompson 1988).
requirements were based on a model considering the
The predictions of our bioenergetic model regardswimming velocity during different daily behaviors
ing pregnancy are consistent with previous daily
(foraging, transiting, migrating, and resting) and the
energy estimates of other baleen whales. Our model
relative proportion of time spent during each behavpredicts that pregnant females require only 10%
ioral state, all of which have different impacts on
Table 3. Estimated average ± SD daily per capita consumption of Fuegian
sprat (in kg) by humpback whales in the Magellan Strait for 2011 and 2012
summer seasons. Dash: no data
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more energy than non-reproductive females, which
is higher than a previous value estimated for humpback whales (approximately 4%; McMillan 2014) but
comparable to that estimated for pregnant North
Atlantic right whales (approximately 9%; Fortune et
al. 2013). Previous studies have suggested that the
added cost of gestation are minimal until about the
last third of gestation, when the growth of the fetus
begins to accelerate (Laws 1959, Lockyer 1984),
reaching a maximum several days before birth due to
a combination of increased fetal activity and the
onset of fetal thermoregulation (Brockway et al.
1963). Once lactation begins, our estimates of additional energy required to nurse a calf are also comparable to previous estimates made for other cetacean
species such as fin and blue whales (29−41%; Lockyer 1981, 1986), North Atlantic right whales (50%;
Fortune et al. 2013), and Pacific white-sided dolphins
Lagenorhynchus obliquidens (40%; Rechsteiner et
al. 2013). This comparatively large daily energy requirement for humpback whale lactation probably
stems from the high fat content of the milk. In fact,
humpback whale milk has the second highest fat
percentage (43.8%) among those recorded for 23
cetacean species (Oftedal 1997), and must be produced in quantities sufficient to fulfill the energy
demand of the calf. Milk production was predicted to
be between 131 ± 21 and 145 ± 23 kg d−1, considering
an assimilation efficiency of 90%, which is close to
the average of 125 kg d−1 (range: 60−230 kg d−1) estimated for humpback whales using 2 different approaches (Oftedal 1997). Additionally, humpback
whales have exceptionally heavy mammary glands
(similar to those of blue whales; Oftedal 1997), which
aligns with the relatively high model output for daily
milk production in lactating females.
However, the energy required for lactation may be
lower than that predicted by our model if calves
begin foraging before they are weaned. We base lactation costs on the assumption that calves do not feed
on solid prey during the migration to the south and in
the feeding area until weaning (at approximately
11 mo of age). Thus, a mixed diet of milk and solid
prey or an independent diet in the last months in the
feeding areas would reduce the amount of energy
that the mother requires to produce milk during
these times. However, the age at which a calf begins
to consume solid food and at what proportion relative
to milk remain unknown.
The consistency between our energy predictions
and those previously made for related cetacean species suggests that our energy estimates are reasonable. Like these previous models, our bioenergetic

model results are subject to uncertainty since some
variables (e.g. body mass, physiological status, and
assimilation efficiency) were assumed to be constant
even though they experience seasonal fluctuations
(Innes et al. 1987, Trites et al. 1997), and several
input parameter values were varied such that a
range of results were produced. We developed a
relatively complex bioenergetic model in order to
examine annual energy requirements and food consumption using the best available data for humpback whales from the literature, as well as derived
values using allometric relationships and a few
other values for other related baleen species when
data gaps existed. We also tended to use uniform
sampling distributions for parameters that lacked
information so as to include uncertainty in parameter values and reduce the bias related to inaccurate
parameter estimates.
The uncertainties of the bioenergetic components
in the model should be used as a guide for future
research on those parameters that greatly affect the
results (Sibly et al. 2013). Activity cost was the most
uncertain among the main sub-models, followed by
cost of growth. In both energetic sub-models, body
weight had the largest effect, which is likely attributed to 2 factors. First, specific weight data of humpback whales during the whaling period were not collected because of inherent logistical constraints;
therefore, the estimated weights are only credible
under the length-to-weight ratio for which they are
estimated. Second, there was variability in body size
within and among age classes; therefore, as suggested by Lockyer (2003), the inclusion of specific
weight data by age and sex is important to minimize
the uncertainty of the input to the model and refine
the accuracy of the results. The sensitivity of the
model for milk production was also important and
may be attributed to the extremely limited data on
milk composition and changes throughout the lactation period for humpback whales. As lactation costs
constituted a large portion of the energetic demand
of lactating females, a greater understanding of milk
composition and how it changes throughout the lactation period may allow for a better quantification of
lactation costs.

4.2. Abundance and age class structure of humpback
whales in the Magellan Strait feeding area
Energy requirements for the humpback whale subpopulation may be biased because of the allocation
of the number of juveniles and adults in the popula-
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tion. However, due to the existence of several individuals of known age and of long interannual sighting histories of those whales of unknown age, a high
allocation bias towards juveniles or adults is unlikely,
especially as the subpopulation is small, as previously noted (Monnahan et al. 2019). However, if the
numbers of adults were lower than those used here
(e.g. equal number of adults and juveniles), this
change in age structure of the population resulted in
only a 3.8% change in total energy needs. Unfortunately, there are no other comparable abundance
estimates or age class structure descriptions in the
Magellan Strait feeding area that might be useful for
comparison or verification.

4.3. Modeled humpback whale diet in the
Magellan Strait
The information on the diet composition of humpback whales from the Magellan Strait results from
direct observations of active feeding (Acevedo et al.
2011) and stable isotope analysis of skin samples
(Haro et al. 2016). Mixing model solutions suggest
that the contribution of sprat to the humpback whale
diet comprises less than a third of the total diet, indicating mostly a consumption of crustaceans, which is
consistent with recent findings from an ecosystem
model for the same study area (Haro et al. 2020).
However, that ecosystem model also suggested a
fourth prey species with a low proportion: amphipods. This may have resulted in a slight over-representation of sprat proportions in the diet, as isotopic
values of amphipods were not incorporated. Some literature suggests that amphipods may constitute
likely alternative prey for humpback whales, after
the swarming or schooling organisms that are the
most lucrative food resource (Fisheries and Oceans
Canada 2013, Bestley et al. 2019), or they may be ingested occasionally when occurring in dense swarms
or when other main prey species decrease in availability. Given that amphipods will constitute a negligible fraction in the diet of humpback whales, it is
unlikely to affect our estimate of sprat consumption
for this feeding subpopulation.

4.4. Fuegian sprat removals by humpback whales
and the fishery
The biomass of food required by a predator depends on the energy content of its prey and availability in the ecosystem. Our estimate of sprat consump-
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tion by the humpback whales in the Magellan Strait
feeding area was 2965−3896 t yr−1 for a seasonal
abundance of 78 and 96 whales. This estimate of
sprat consumption assumes that all humpback
energy requirements are met in the feeding area,
and if this does not occur (e.g. if humpback whales
feed during their migration), the amount of consumed sprat may have been overestimated. Unfortunately, this cannot be confirmed without more information on humpback activities outside the feeding
time. To determine the potential impact of humpback
whale predation on the possible opening of a commercial Fuegian sprat fishery in the Magellan region
or from the sprat fishery on the humpback whale
subpopulation, consumption estimates made during
the period for which the best data are available are
important (Stenson et al. 1997). The results of the
present study are restricted to 2011−2012, for which
reasonable data on the diet are available; and they
were similar to recent estimates from an ecosystem
model used to analyze the role of the humpback
whale in the food web of the Francisco Coloane Marine and Coastal Protected Area in the Magellan
Strait (Haro et al. 2020). In the simulations of Haro et
al. (2020), the ecosystem model estimated an annual
consumption of 4090 t of sprat for 93 humpback
whales. However, these simulations included major
uncertainty in the biomass parameters for some
groups, including invertebrates and Fuegian sprat,
as there is no information on the abundance and biomass of these populations in both the study area and
in the entire Magellanes region. Moreover, when
using these models, consumption estimates must be
interpreted carefully because the ecosystem models
can generate essentially similar equilibrium states
with a wide variety of apex predator populations and
feeding rate inputs (Perez & McAlister 1993).
The estimated biomass of sprat consumed by
humpback whales is undoubtedly conservative, as
our generalized diet model used seasonal abundance of humpback whales for only 2 specific feeding years in the Magellan Strait. If the abundance
value is expanded to 204 (95% CI: 199−210) humpback whales (Monnahan et al. 2019) for the 2004−
2017 period, and using the same generic structure
of age class, sex, and sprat contribution to the diet,
the total sprat biomass consumed by the entire
humpback subpopulation would increase to 8167−
8383 t yr−1 (95% CI: 7967−8626 t yr−1).
An important consideration is the interplay between our prediction of the seasonal consumption of
sprat by humpback whales and the Fuegian sprat
fishery management. Fishery managers face the dual
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responsibility of obtaining the optimum yield for fisheries while simultaneously protecting certain species
(Gerber et al. 1999). Most commercial fisheries are
still managed on a single-species basis, and the ecological role of commercially important fish species as
prey of protected species receives less attention in
the management process (Overholtz et al. 2000).
Moreover, no empirical data for natural predation
are available. Therefore, predation rate or natural
mortality are assumed implicitly rather than explicitly in models that estimate maximum sustainable
yield and are subsequently applied to determine the
total allowable catch.
In the fjords and channels of southern Chile, Fuegian sprat is assumed to be a single stock, and is
both a commercially valuable species and an important prey species for marine mammals, seabirds,
and other important fishery resources (Scolaro et al.
1999, Neira et al. 2014, Lillo et al. 2015). The fishing
operations on this sprat species started in 2006 in
northern Patagonia, and it is still restricted to the
northern and central Patagonian fjords (40°−48°
30’ S). Thus, direct competition between Magellan
Strait humpback whales and the Fuegian sprat fishery is currently nonexistent, but this can change if
the fishery operation is expanded to the Fuegian
ecosystem region. In 2007−2011, the total landing of
Fuegian sprat reported by the Fishery Statistics of
the National Fisheries Agency showed a reduction
from 50 705 to 17 822 t yr−1, and then remaining between 19 293 and 31 393 t yr−1 until 2017. This reduction has led to pressure to extend the commercial
harvest of Fuegian sprat towards the southernmost
Patagonian ecosystem where humpback whales
feed seasonally. Under this scenario, and in the absence of any estimates of biomass of sprat in the
entire Magallanes region, our estimates of predation
of sprat by humpback whales are about 16−17% of
the total sprat landing reported in the north and
central Patagonian fjords for 2011 (17 822 t) and
2012 (23 797 t), and 34−36% of the harvest in 2016
(23 655 t) if a subpopulation of 204 humpback
whales is considered. This shows that estimating the
annual consumption of sprat by humpback whales
may be important from a fishery point of view, and
that it is reasonable to assume that competition between this small and vulnerable humpback whale
subpopulation and fisheries might occur when the
fish prey is subjected to exploitation beyond the values recommended in scientific studies.
Thus, a possible ‘fishing down’ impact on marine
food webs combined with ‘food web competition’
deriving from intensive fishing of sprat would ulti-

mately affect apex predators as well as the local
fisheries targeting them. The estimates of sprat
consumption by humpbacks provided herein is
thus just one step towards better fisheries management. The implications of this potential future
interaction require a more extensive data base of
estimates of diet composition for this humpback
whale subpopulation, including studies of temporal
and spatial variation in the abundance of sprat,
understanding of the role of humpbacks in the
Magellan marine ecosystem, and of the population
dynamics of this sprat species and predators such
as humpback whales to prevent a potential decline
or loss of suitable feeding habitats for the Magellan
Strait humpback whale subpopulation or other
cetacean species as is mandated by national laws
(Law 20.293 of 2008, modifying the Fishing Law to
protect cetaceans). Initial exploration of the dynamic relationships in this area and the role of
humpback whales in this feeding area was made
by Haro et al. (2020). In the absence of clear evidence on direct and indirect cause−effect relationships, taking precautionary measures should be
mandatory for fishery management so that a healthy
marine ecosystem can be maintained. We stress
that our results are tentative and must be refined
as better estimates for model inputs emerge, particularly for body weight, and both swimming speed
and proportion of time spent in the major daily
activities (feeding, transiting, resting) for the humpback whales in the Magellan Strait.
Even though our present analysis of consumption
by whales does not account for geographical,
monthly, and yearly changes imposed by the natural
variability of the ecosystem, as well as intra- and
interannual changes in the energy content of Fuegian sprat, or anthropogenic shifts in the sprat stock,
our results can be used as preliminary input data to
inform a future opening of Fuegian sprat fishing
operations in the austral region of Chile, although
the implications of such an opening require further
study.
Acknowledgements. We are grateful to the tourist company Expedición FitzRoy for logistical support during several years of fieldwork, especially Juan José Salas and
Francisco Martinez. We also thank Fundación Biomar for
providing the opportunity to collect data during the 2011
and 2012 summer seasons. We thank Anelio AguayoLobo and Daniela Haro for their assistance in the field
work. J.A. thanks Conicyt Regional/GORE Magallanes,
grant number R16A10002, for financial support in Chile;
as well as Conacyt (Mexico) for providing the PhD scholarship at the Universidad Autónoma de Baja California
Sur.

Acevedo & Urbán: Fuegian sprat consumption by humpback whales

LITERATURE CITED
Acevedo J, Plana J, Aguayo-Lobo A, Pastene LA (2011) Surface feeding behaviors in the Magellan Strait humpback
whales. Rev Biol Mar Oceanogr 46:483−490
Acevedo J, Haro D, Dalla Rosa L, Aguayo-Lobo A and others
(2013) Evidence of spatial structuring of eastern South
Pacific humpback whale feeding grounds. Endang Species Res 22:33−38
Acevedo J, Mora C, Aguayo-Lobo A (2014) Sex-related site
fidelity of humpback whales (Megaptera novaeangliae)
to the Fueguian Archipelago feeding area, Chile. Mar
Mamm Sci 30:433−444
Acevedo J, Aguayo-Lobo A, Allen J, Botero-Acosta N and
others (2017) Migratory preferences of humpback
whales between feeding and breeding grounds in the
eastern South Pacific. Mar Mamm Sci 33:1035−1052
Bearzi G, Politi E, Agazzi S, Azzelino A (2006) Prey depletion caused by overfishing and the decline of marine
megafauna in the eastern Ionian Sea coastal waters (central Mediterranean). Biol Conserv 127:373−382
Bentaleb I, Martin C, Vrac M, Mate B and others (2011)
Foraging ecology of Mediterranean fin whales in a
changing environment elucidated by satellite tracking
and baleen plate stable isotopes. Mar Ecol Prog Ser
438:285−302
Best PB (1982) Seasonal abundance, feeding, reproduction,
age and growth in minke whales off Durban (with incidental observations from the Antarctic). Rep Int Whaling
Comm 32:759−786
Bestley S, Andrews-Goff V, van Wijk E, Rintoul SR, Double
MC, How J (2019) New insights into prime Southern
Ocean forage grounds for thriving Western Australian
humpback whales. Sci Rep 9:13988
Borrell A, Abad-Oliva N, Gómez-Campos E, Giménez J,
Aguilar A (2012) Discrimination of stable isotopes in fin
whale tissues and application to diet assessment in
cetaceans. Rapid Commun Mass Spectrom 26:1596−1602
Braithwaite JE, Meeuwig JJ, Hipsey MR (2015) Optimal
migration energetics of humpback whales and the implications of disturbance. Conserv Physiol 3:cov001
Brockway JM, McDonald JD, Pullar JD (1963) The energy
cost of reproduction in sheep. J Physiol 167:318−327
Brody S (1945) Bioenergetics and growth with special reference to the efficiency complex in domestic animals.
Reinhold Publishing Corporation, Baltimore, MD
Caut S, Laran S, Garcia-Hartmann E, Das K (2011) Stable
isotopes of captive cetaceans (killer whales and bottlenose dolphins). J Exp Biol 214:538−545
Chittleborough RG (1954) Studies on the ovaries of the
humpback whale, Megaptera nodosa (Bonnaterre), on the
Western Australian coast. Aust J Mar Freshw Res 5:35−63
Chittleborough RG (1955) Aspects of reproduction in the
male humpback whale, Megaptera nodosa (Bonnaterre).
Aust J Mar Freshw Res 6:1−29
Chittleborough RG (1958) The breeding cycle of the female
humpback whale, Megaptera nodosa (Bonnaterre). Aust
J Mar Freshw Res 9:1−18
Chittleborough RG (1965) Dynamics of two populations of
the humpback whale, Megaptera novaeangliae (Borowski). Aust J Mar Freshw Res 16:33−128
Ciancio JE, Pascual MA, Beauchamp D (2007) Energy density of Patagonian aquatic organisms and empirical predictions based on water content. Trans Am Fish Soc 136:
1415−1422

237

Clapham PJ, Young SB, Brownell RL Jr (1999a) Baleen
whales: conservation issues and the status of the most
endangered populations. Mammal Rev 29:35−60
Clapham PJ, Wetmore SE, Smith TD, Mead JG (1999b)
Length at birth and at independence in humpback
whales. J Cetacean Res Manag 1:141−146
Costa DP, Le Boeuf BJ, Huntley AC, Ortiz CL (1986) The
energetics of lactation in the northern elephant seal,
Mirounga angustirostris. J Zool 209:21−33
Diez MJ, Cabriera AG, Madirolas A, de Nascimiento JM,
Scioscia G, Schiavini A, Lovrich GA (2018) Winter is cool:
spatio-temporal patterns of the squat lobster Munida
gregaria and the Fuegian sprat Sprattus fueguensis in a
sub-Antarctic estuarine environment. Polar Biol 41:
2591−2605
Farrell-Gray C, Gotelli N (2005) Allometric exponents support a 3/4-power scaling law. Ecology 86:2083−2087
Félix F, Caballero S, Olavarría C (2012) Genetic diversity
and population structure of humpback whales (Megaptera
novaeangliae) from Ecuador based on mitochondrial
DNA analyses. J Cetacean Res Manag 12:71−77
Fisheries and Oceans Canada (2013) Recovery strategy for
the North Pacific humpback whale (Megaptera novaeangliae) in Canada. Species at Risk Act Recovery Strategy
Series. Fisheries and Oceans Canada, Ottawa
Fortune SME, Trites AW, Mayo CA, Rosen DAS, Hamilton
PK (2013) Energetic requirements of North Atlantic right
whales and the implications for species recovery. Mar
Ecol Prog Ser 478:253−272
Gallagher CA, Stern J, Hines E (2018) The metabolic cost of
swimming and reproduction in harbor porpoises (Phocoena phocoena) as predicted by a bioenergetic model.
Mar Mamm Sci 34:875−900
Gerber LR, Wooster WS, DeMaster DP, Van Blaricom GR
(1999) Marine mammals: new objectives in US fishery
management. Rev Fish Sci 7:23−38
Gittleman JL, Thompson SD (1988) Energy allocation in
mammalian reproduction. Am Zool 28:863–875
Goldbogen JA, Calambokidis J, Croll DA, Harvey JT and
others (2008) Foraging behavior of humpback whales:
kinematic and respiratory patterns suggest a high cost
for a lunge. J Exp Biol 211:3712−3719
Goldbogen J, Calambokidis J, Croll DA, McKenna MF and
others (2012) Scaling of lunge-feeding performance in
rorqual whales: mass-specific energy expenditure increases with body size and progressively limits diving
capacity. Funct Ecol 26:216−226
Hain JHW, Carter GR, Kraus SD, Mayo CA, Winn HE (1982)
Feeding behavior of the humpback whale Megaptera
novaeangliae in the western north Atlantic. Fish Bull 80:
259−268
Hammill MO, Lydersen C, Kovacs KM, Sjare B (1997) Estimated fish consumption by hooded seals (Cystophora
cristata) in the Gulf of St. Lawrence. J Northwest Atl Fish
Sci 22:249−257
Haro D, Riccialdelli L, Acevedo J, Aguayo-Lobo A, Montiel
A (2016) Trophic ecology of humpback whales (Megaptera
novaeangliae) in the Magellan Strait using carbon and
nitrogen stable isotopes. Aquat Mamm 42:233−244
Haro D, Sabat P, Arreguín-Sánchez F, Neira S, HernándezPadilla JC (2020) Trophic role of the humpback whale
(Megaptera novaeangliae) in the feeding area of Magellan Strait, Chile. Ecol Indic 109:105796
Hind AT, Gurney WS (1997) The metabolic cost of swimming in marine homeotherms. J Exp Biol 200:531−542

238

Mar Ecol Prog Ser 657: 223–239, 2021

Horton TW, Holdaway RN, Zerbini AN, Hauser N, Garrigue
C, Andriolo A, Clapham PJ (2011) Straight as an arrow:
humpback whales swim constant course tracks during
long-distance migration. Biol Lett 7:674−679
Hudson LN, Isaac NJB, Reuman DC (2013) The relationship
between body mass and field metabolic rate among individual birds and mammals. J Anim Ecol 82:1009−1020
Huggett ASG, Widdas WF (1951) The relationship between
mammalian foetal weight and conception age. J Physiol
114:306−317
Innes S, Lavigne DM, Earle WM, Kovacs KM (1987) Feeding
rates of seals and whales. J Anim Ecol 56:115−130
Jackson JBC, Kirby MX, Berger WH, Bjorndal KA and others (2001) Historical overfishing and the recent collapse
of coastal ecosys tems. Sci ence 293:629−637
Jiménez López ME, Palac ios DM, Le gorreta J, Urbán J,
Mate BR (2019) Fin whale movements in the Gulf of California, Mexico, from satellite telemetry. PLOS ONE 14:
e0209324
Kareiva P, Odell G (1987) Swarms of predators exhibit ‘prey
taxis’ if individual predators use area-restricted search.
Am Nat 130:233−270
Kenney RD, Scott GP, Thompson TJ, Winn HE (1997) Estimates of prey consumption and trophic impacts of cetaceans in the USA Northeast continental shelf ecosystem.
J Northwest Atl Fish Sci 22:155− 171
Kiljunen M, Gr ey J, Sinisalo T, Harrod C, Immonen H,
Jones RI (2006) A re vised model for lipid normalizing 13C
values from aquatic organisms, with implications for isotope mixing models. J Appl Ecol 43:1213−1222
Kleiber M (1975) The fire of life: an introduction to animal energetics. Robert E. Krieger Publishing Co., New York, NY
Kraus SD, Brown MW, Caswell H, Clark WC and others
(2005) North Atlantic right whales in crisis. Science 309:
561−562
Lavigne DM, Innes S, Worthy GAJ, Kovacs KM, Schmitz OJ,
Hickie JP (1986) Metabolic rates of seals and whales.
Can J Zool 64:279−284
Laws RM (1959) The foetal growth rates of whales with special reference to the fin whale, Balaenoptera physalus
Linn. Discov Rep 29:281−308
Lillo S, Lang C, Molina E, Cerna F and others (2015) Evaluación hidroacústica de pequeños pelágicos en aguas interiores de la X y XI Regiones, año 2014. Final Report.
www.subpesca.cl/fipa/613/articles-89331_informe_final
.pdf (accessed January 2015)
Lockyer C (1976) Body weights of some species of large
whales. ICES J Mar Sci 36:259−273
Lockyer C (1981) Growth and energy budgets of large
baleen whales from the southern hemisphere. In: FAO
Advisory Committee on Marine Resources Research
Working Party on Marine Mammals (ed) Mammals in the
seas, Vol 3: General papers and large cetaceans. FAO
Fisheries Series, Rome, p 379−487
Lockyer C (1984) Review of baleen whale (Mysticeti) reproduction and implications for management. Rep Int Whaling Comm 6:27−50
Lockyer C (1986) Body fat condition in northeast Atlantic fin
whales, Balaenoptera physalus, and its relationship with
reproduction and food resource. Can J Fish Aquat Sci 43:
142−147
Lockyer C (2003) Harbour porpoises (Phocoena phocoena)
in the North Atlantic: biological parameters. NAMMCO
Sci Publ 5:71−89
Lockyer C (2007) All creatures great and smaller: a study in

cetacean life history energetics. J Mar Biol Assoc UK 87:
1035−1045
Lockyer CH, McConnell LC, Waters TD (1985) Body condition in terms of anatomical and biochemical assessment
of body fat in North Atlantic fin and sei whales. Can J
Zool 63:2328−2338
Markussen NH, Ryg M, Lyderen C (1992) Food consumption
of the NE Atlantic minke whale (Balaenoptera acutorostrata) population estimated with a simulation model.
ICES J Mar Sci 49:317−323
Matthews LH (1938) The humpback whale, Megaptera
nodosa. Discov Rep 17:9−91
McConnaughey T, McRoy CP (1979) Food-web structure
and the fractionation of carbon isotopes in the Bering
Sea. Mar Biol 53:257−262
McMillan CJ (2014) How important are herring to humpback whales? The role of herring in meeting the energetic requirements of humpback whales in a British
Columbian feeding ground. MSc thesis, Simon Fraser
University, Burnaby
Monnahan C, Acevedo J, Hendrix AN, Gende S, AguayoLobo A, Martínez F (2019) Population trends for humpback whales (Megaptera novaeangliae) foraging in the
Coastal-Marine Protected Area in Magellan Strait, Chile.
Mar Mamm Sci 35:1212−1231
Neira S, Arancibia H, Barros M, Castro L, Cubillos L, Niklitschek E, Alarcón R (2014) Rol ecosistémico de sardina
austral e impacto de su explotación en la sustentabilidad
de otras especies de interés comercial. Informe FinalProyecto FIP 2012-15(agosto). Universidad de Concepción.
www.subpesca.cl/fipa/613/articles-89322_informe_final
.pdf
Nishiwaki M (1959) Humpback whales in Ryukyuan waters.
Sci Rep Whales Res Inst 14:49−87
Oftedal OT (1997) Lactation in whales and dolphins: evidence
of divergence between baleen- and toothed-species.
J Mammary Gland Biol Neoplasia 2:205−230
Olesiuk PF (1993) Annual prey consumption by harbour
seals (Phoca vitulina) in the Strait of Georgia, British
Columbia. Fish Bull 91:491−515
Overholtz WJ, Link JS, Suslowicz JE (2000) Consumption of
important pelagic fish and squid by predatory fish in the
northeastern USA shelf ecosystem with some fishery
comparisons. ICES J Mar Sci 57:1147−1159
Owen K, Kavana Gh AS, Warren JD, Noad MJ, Donnelly
D, Goldizen AW, Dunlop RA (2017) Potential energy
gain by whales outside of the Antarctic: prey preferences and consumption rates of migrating humpback whales (Megaptera novaeangliae). Polar Biol 40:
277−289
Parnell AC, Inger R (2016) Stable Isotope Mixing Models in
R with simmr. Version 0.4.1. https://cran.rproject.org/
web/packages/simmr/vignettes/simmr.html
Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F Jr
(1998) Fishing down marine food webs. Science 279:
860−863
Pauly D, Christensen V, Guénette S, Pitcher TJ, Sumaila UR,
Walters CJ (2002) Towards sustainability in world fisheries. Nature 418:689−695
Perez MA, McAlister WB (1993) Estimates of food consumption by marine mammals in the eastern Bering Sea.
NOAA Tech Memo NMFS-AFSC-14
Pujol G, Looss B, Janon A (2017) Sensitivity: Global sensitivity
analysis of model outputs. Version 1.15.0. https://cran.rproject.org/web/packages/sensitivity/index.html

Acevedo & Urbán: Fuegian sprat consumption by humpback whales

239

R Core Team (2018) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna. www.r-project.org
Ratto M, Pagano A (2010) Using recursive algorithms for the
efficient identification of smoothing spline ANOVA models. AStA Adv Stat Anal 94:367−388
Rechsteiner EU, Rosen DAS, Trites AW (2013) Energy
requirements of Pacific white-sided dolphins (Lagenorhynchus obliquedens) as predicted by a bioenergetic
model. J Mammal 94:820−832
Ryan C, McHugh B, Trueman CN, Harrod C, Berrow SD,
O’Connor I (2012) Accounting for the effects of lipids in
stable isotope (δ13C and δ15N) analysis of skin and blubber of balaenopterid whales. Rapid Commun Mass Spectrom 26:2745−2754
Ryan C, Berrow SD, McHugh B, O’Donnell C, Trueman CN,
O’Connor I (2014) Prey preferences of sympatric fin (Balaenoptera physalus) and humpback (Megaptera novaeangliae) whales revealed by stable isotope mixing models. Mar Mamm Sci 30:242−258
Saltelli A (2002) Sensitivity analysis for importance assessment. Risk Anal 22:579−590
Schultz LP (1938) Can the weight of whales and large fish be
calculated? J Mammal 19:480−487
Scolaro JA, Wilson RP, Laurenti S, Kierspel M, Gallelli H,
Upto JA (1999) Feeding preferences of the Magellanic
penguin over its breeding range in Argentina. Waterbirds 22:104−110
Sibly RM, Grimm V, Martin BT, Johnston ASA and others
(2013) Representing the acquisition and use of energy by
individuals in agent-based models of animal populations. Methods Ecol Evol 4:151−161
Sigurjónsson J, Víkingsson GA (1997) Seasonal abundance
and estimated food consumption by cetaceans in Icelandic
and adjacent waters. J Northwest Atl Fish Sci 22:271−287

Stenson GB, Hammill MO, Lawson JW (1997) Predation by
harp seals in Atlantic Canada: preliminary consumption
estimates for Arctic cod, capelin and Atlantic cod.
J Northwest Atl Fish Sci 22:137−154
Thomas PO, Reeves RR, Brownell RL Jr (2016) Status of the
world’s baleen whales. Mar Mamm Sci 32:682−734
Trites AW, Christensen V, Pauly D (1997) Competition
between fisheries and marine mammals for prey and primary production in the Pacific Ocean. J Northwest Atl
Fish Sci 22:173−187
Víkingsson GA (1990) Energetic studies on fin and sei whales
caught off Iceland. Rep Int Whaling Comm 40:365−373
Watanabe YY, Sato K, Watanuki Y, Takahashi A and others
(2011) Scaling of swim speed in breath-hold divers.
J Anim Ecol 80:57−68
Watts P, Hansen S, Lavigne DM (1993) Models of heat loss
by marine mammals: thermoregulation below the zone
of irrelevance. J Theor Biol 163:505−525
Waugh CA, Nichols PD, Schlabach M, Noad M, Bengtson
Nash S (2014) Vertical distribution of lipids, fatty acids
and organochlorine contaminants in the blubber of
southern hemisphere humpback whales (Megaptera
novaeangliae). Mar. Environ. Res. 94:24–31
White CR, Seymour RS (2005) Allometric scaling of mammalian metabolism. J Exp Biol 208:1611−1619
Winship AJ, Trites AW, Rosen DAS (2002) A bioenergetic
model for estimating the food requirements of Steller sea
lions Eumetopias jubatus in Alaska, USA. Mar Ecol Prog
Ser 229:291−312
Young RA (1976) Fat, energy and mammalian survival. Am
Zool 16:699−710
Zhang XY, Trame MN, Lesko LJ, Schmidt S (2015) Sobol
sensitivity analysis: a tool to guide the development and
evaluation of systems pharmacology models. CPT Pharmacometrics Syst Pharmacol 4:69−79

Editorial responsibility: Peter Corkeron,
Woods Hole, Massachusetts, USA
Reviewed by: 2 anonymous referees

Submitted: May 27, 2020
Accepted: October 19, 2020
Proofs received from author(s): December 22, 2020

