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ABSTRACT: Management plans for North Atlantic right whales Eubalaena glacialis focus on pre-
venting mortality from ship strikes and fishing gear entanglement. However, recovery may also be
limited because individuals are under nutritional stress. We quantified the food requirements of
North Atlantic right whales by age, sex and reproductive state and compared their predicted
needs with field estimates of prey consumption to assess whether any demographic group of right
whales might be nutritionally stressed. Energy requirements were estimated using a bioener-
getics model that accounted for uncertainty in energy inputs and outputs. Consumption was esti-
mated with prey samples taken near feeding whales in Cape Cod Bay (n = 28 net collections) and
the Bay of Fundy (n = 19 optical plankton recordings). We found that calves required the least
energy (~1767 MJ d7') and that lactating females required the most (~4120 MJ d™'). Juveniles
required considerably more energy than adult males and non-reproductive females. Our esti-
mates of energy requirements for juveniles (~1906 MJ d~!), adult males (~1793 MJ d!), and non-
reproductive females (~2104 MJ d™') compared favorably with estimates of actual consumption in
Cape Cod Bay and the Bay of Fundy (i.e. they differed by <15 %), suggesting that our model was
reliable. However, lactating females appear to have obtained considerably less than their pre-
dicted energy requirements in both habitats. These findings suggest that lactating females may be
experiencing an energy deficit, which may affect reproductive rates and slow population recov-
ery. Nutritional stress may thus be limiting the recovery of North Atlantic right whales.
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INTRODUCTION

Anthropogenic mortality from ship strikes and
entanglement in fishing gear is widely believed to
be delaying the recovery of North Atlantic right
whales Eubalaena glacialis (Caswell et al. 1999).
However, such direct anthropogenic mortality may
not be the only factor slowing their recovery
(Knowlton et al. 1994, Fujiwara & Caswell 2001).

*Email: s.fortune@fisheries.ubc.ca

Several studies have found biotoxins, contaminants,
and parasites in right whale tissue, feces and prey
(e.g. Woodley et al. 1991, Weisbrod et al. 2000,
Durbin et al. 2002, Doucette et al. 2006, Godard et
al. 2006, Rolland et al. 2007b, Wise et al. 2008a,b),
which could compromise reproduction. There is also
mounting evidence that the North Atlantic popula-
tion might be experiencing periods of prey shortage,
which could similarly impair calving rates (Reeves
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et al. 2001, Greene & Pershing 2004, Pettis et al.
2004). Significantly fewer calves were observed be-
tween 1993 to 1995 and 1998 to 2000, when decrea-
ses in prey availability were detected (Greene &
Pershing 2004), than would have been expected by
chance alone (Kraus et al. 2007).

North Atlantic right whales exhibited signs sug-
gestive of pronounced periods of physiological
stress and poor overall health during the late 1990's.
While residing in the Bay of Fundy (Canadian feed-
ing ground), they appeared thin and had various
forms of skin lesions on their bodies (Pettis et al.
2004). Adult females also had longer intervals than
usual between births and, consequently, had low
reproductive rates (Kraus et al. 2007). Such negative
physiological states are consistent with nutritional
stress (e.g. King & Murphy 1985, Lockyer 1986,
2007, Trites & Donnelly 2003) and might reflect the
apparent scarcity of their primary prey during the
1990s (Greene & Pershing 2000, 2004). These nega-
tive changes during the late 1990's were relatively
short lived and suggest that North Atlantic right
whales periodically experience times when they are
unable to meet their daily energy needs. Future
oscillations in the environmental conditions thought
to affect the quality and quantity of right whale prey
are expected to increase with greater frequency in
parallel with increases in greenhouse gas emissions
(Greene & Pershing 2004), which may further affect
the recovery of the species.

Determining the conditions under which right
whales might be nutritionally compromised requires
knowing how much food they need and how much
they consume. Estimates of energetic consumption
can be obtained by observing foraging times and by
collecting prey samples near feeding whales—but
estimating how much food large whales require is
more difficult. For most small cetacean species,
energy needs can be estimated using well-estab-
lished captive (e.g. respirometry) and field study
techniques (e.g. doubly-labeled water and overall
dynamic body acceleration). Data derived from wild
studies are often limited to a few demographic
groups and a small number of individual measure-
ments. Furthermore, wild studies only provide a sin-
gle estimate of field metabolic rate relative to a spe-
cific set of environmental conditions. However, for a
large whale that cannot be kept in captivity and
cannot be physically restrained in the wild or moni-
tored using invasive tags, mathematical modeling
can be used to estimate energy needs (Lockyer
1981, Kenney et al. 1986, Winship et al. 2002, Noren
2011, Williams et al. 2011).

Only one quantitative bioenergetics model has been
constructed to date to estimate the daily food require-
ments of North Atlantic right whales. This model
(Kenney et al. 1986) was parameterized using esti-
mates for average body mass, metabolic rate, assimi-
lation efficiency, time spent feeding, mouth size and
swimming speed. An underlying assumption of this
model was that the food requirements of North
Atlantic right whales could be determined for an
average whale and extrapolated to the entire popula-
tion without accounting for the needs of different
sexes, age-classes and reproductive states. Thus, this
model did not account for the significant age-specific
costs of basal metabolism, activity and feeding rates.
These early estimates of food requirements (Kenney
et al. 1986) can be refined by accounting for the costs
of growth and reproduction, and the age- and sex-
specific energy needs of the population.

The response of individual animals to changes in
the quality and quantity of prey available to them
will differ between young and old, pregnant and
non-pregnant, and lactating and non-lactating whales.
This, in turn, will influence whether the overall popu-
lation will increase, remain stable or decline. In terms
of nutrition, species recovery is probably most tightly
tied to the nutritional condition of sexually mature
females who bear the costs of pregnancy and lacta-
tion and may forgo reproduction to conserve energy
during lean years (e.g. Lockyer 1986, 2007, Miller et
al. 2011). Recovery is also likely tied to the ability of
the newly independent and relatively inexperienced
juveniles to survive by finding sufficient prey to meet
their daily needs. Thus, determining the food require-
ments of different age-classes, sexes and reproduc-
tive states is essential for assessing the nutritional sta-
tus of the species relative to their potential recovery.

We sought to predict the food requirements of dif-
ferent demographic groups of North Atlantic right
whales using a generalized bioenergetics model that
was parameterized using current information about
right whale growth, body composition, digestive effi-
ciency, metabolism, and costs of activity. We incorpo-
rated uncertainty into each model parameter and ran
a sensitivity analysis to assess the reliability of the
model predictions. We then estimated the amount of
food right whales actually consumed using observa-
tions of feeding behaviour and the energy density of
prey sampled in 2 critical habitats (Bay of Fundy and
Cape Cod Bay). Finally, we compared the predicted
energy needs of different demographic groups of
right whales with the observed amounts of prey con-
sumed in the 2 habitats to evaluate the model predic-
tions and assess the nutritional stress hypothesis.
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MATERIALS AND METHODS
Bioenergetics model

The bioenergetics model for right whales was es-
sentially a simple energy balance equation that
expressed how gross energy translates into metabo-
lizable energy (e.g. remaining energy after fecal and
urinary energy loss) and how it is partitioned among
various aspects of production (e.g. growth and repro-
ductive costs) and maintenance parameters (e.g.
basal metabolism and costs of locomotion). The model
was parameterized using both pre-existing species-
specific data and non-specific estimates from other
marine mammal species. Parameter values for each
demographic group of right whales in the model
were not deterministic but were chosen from distri-
butions of possible values by incorporating uncer-
tainty into each model parameter using Monte Carlo
methods that randomly drew values (10 000) based
on probability distributions of each parameter (i.e.
normal, uniform, triangular, gamma). We therefore
generated thousands of possible estimates of the
daily energy needs for each demographic group of
North Atlantic right whales, from which we calcu-
lated a mean estimate of energy requirements and a
standard deviation. This Monte Carlo modeling ap-
proach also allowed us to assess the relative influence
and uncertainty of each parameter group (metabo-
lism, growth, digestion, fasting and reproduction) on
the model outputs (e.g. Petersen et al. 2008, Winship
et al. 2002).

We calculated mean daily gross energy require-
ments (GER) by sex for 3 age classes (calf, 0 to 1 yr;
juvenile, >1 and <9 yr; and adult, >9 yr) (Hamilton et
al. 1998), and for 3 reproductive states of adult
females (pregnant, lactating and resting) using:

P+(AxBMR)
K Eurp X Epyy )+RG+L]X 30 &)

365—(t,, +1,)

GER =

where GER is the gross energy requirement by sex,
age and reproductive class, and P is production or
body growth, A is activity, BMR is basal metabolic
rate or resting metabolic rate for actively growing or
reproductive individuals, Eyyr is the efficiency with
which metabolizable energy is used (or 1 minus the
heat increment of feeding expressed as a proportion
of metabolizable energy), and Eg,y is digestive effi-
ciency (fecal and urinary) (Winship et al. 2002). Rg,p.
is the total cost of gestation and lactation. &, and &
represent the time in days individuals spend fasting

while migrating and residing in the southern calving
grounds and north to the foraging grounds, respec-
tively.

To estimate the basic daily energy needs of North
Atlantic right whales and assess whether different
demographic groups may be able to meet their im-
mediate energetic needs, we also predicted mean
daily GER without accounting for the additional
energetic deficit from fasting for different demo-
graphic groups.

Model parameters

We estimated digestive efficiency (Eg,y) by incor-
porating existing values of fecal efficiency from right
whales and predicted values of urinary digestive effi-
ciency. We first assumed that the digestive efficiency
of right whales varied according to the species and
life-stages of calanoid copepods consumed given that
the amount of digestible material (i.e. wax esters)
fluctuates between life stages. Previous estimations
that 6 % of ingested energy (Swaim et al. 2009) would
be lost through feces when a right whale consumes
an exclusive diet of Stage 5 (CV) Calanus finmarchi-
cus, which is their primary prey (Mayo & Marx 1990,
Beardsley et al. 1996, Baumgartner et al. 2003a,b),
were used. Energy loss through urine is unknown
but is presumably proportional to the nitrogen con-
tent of prey (urinary loss represents ~90% of total
nitrogen content per organism; Worthy 1990). We
thus assumed that ~8 % of ingested energy was lost
through urine. This estimate is based on a mixed
diet of all life stages of C. finmarchicus, Centropages
hamatus, Centropages typicus and Pseudocalanus
spp. and was calculated using mean carbon/nitrogen
values for different life stages from DeLorenzo Costa
et al. (2006a). We accounted for the energy lost when
consuming a mixed diet because these are the pri-
mary prey consumed in Cape Cod Bay (Mayo & Marx
1990, DeLorenzo Costa et al. 2006a). Making these
assumptions yielded a combined fecal and urinary
loss of 14 % (or a digestive efficiency of ~86 %) for a
mixed diet containing equal proportions of all species,
but a combined loss of ~26 % (digestive efficiency of
74 %) if the diet consists only of CV C. finmarchicus.
Overall, the digestive efficiency was estimated to be
lower for an exclusive CV C. finmarchicus diet com-
pared to a mixed diet because the nitrogen content of
CV C. finmarchicusis ~80 % higher than for the other
taxa (DeLorenzo Costa et al. 2006a).

Ingested energy is also lost through the heat incre-
ment of feeding (Eyr) which represents an increase in



256 Mar Ecol Prog Ser 478: 253-272, 2013

heat production associated with digesting food (Smith
et al. 1978). As much as 10 to 15 % of energy ingested
by pinnipeds may be expended during the digestion
process (Markussen et al. 1994, Costa & Williams
1999), but information on cetacean heat increment of
feeding is unavailable (Worthy 1990). Assuming that
the heat increment of feeding is partially dictated by
nutritional state (Ryg & Qritsland 1991, Rosen & Trites
1999, Winship et al. 2002), we estimated the efficiency
of utilization of metabolizable energy (Eyr; 1 — heat
increment of feeding) for right whales using normally
distributed values derived for Steller sea lions Eume-
topias jubatus for the energetic costs of digestion
associated with maintenance and growth in protein
and lipid (Rosen & Trites 1999, Winship et al. 2002).
We assigned the maintenance Eyr parameter to adult
right whales, and the weighted proportions of protein
and lipid Eyr to juveniles and calves based on the
percentage of fat and protein reported for these age
classes in commercial whaling records (Lockyer 1976,
Lockyer et al. 1985; Tables 1 & 2). Eyr parameter esti-
mates thus included the inefficiencies of lipid and
protein anabolism. We used estimates from Steller sea
lions because energetic costs associated with the heat
increment of feeding are influenced by prey composi-
tion (e.g. 6% carbohydrates, 13 % fat, and 30 % pro-
tein; Costa & Williams 1999) and the protein content
of Steller sea lion and North Atlantic right whale prey
is somewhat similar. For example, Steller sea lion prey
(herring Clupea harengus) is 15.8 % protein (Rosen &
Trites 1999) and the nitrogen content of right whale
prey, which may be used as a proxy for protein con-
tent, ranges from 3.5 % (Centropages typicus all stages)
to 22.2% (Calanus finmarchicus CV) (DeLorenzo
Costa et al. 2006b).

Production costs (P) were estimated using growth
curves to calculate the increase in body mass from
one age to the next and also included corresponding
information about the body composition of each age
group. We estimated mass-at-age by first predicting
length-at-age using a 2-phased Gompertz growth
model and then using an allometric weight-at-length
model (Fortune et al. 2012). We estimated the ener-
getic cost of growth for each age class with growth
data for individuals aged 0 to 22 yr using the follow-
ing (Winship et al. 2002):

P=AM x [(plip X EDlip) +(1 _plip)(l = Pw) X EDpro] (2)

where P is production (kJ), AM is the body mass
growth increment (kg), pyp is the proportion of new
body mass that is lipid, EDy;;, is the energetic density
of lipid (~39 300 kJ kg~!; Schmidt-Nielsen 1990), p,, is
the proportion of lean tissue that is water, and EDy,,

Table 1. Eubalaena glacialis. Digestive efficiency estimates

that correspond to maintenance and growth estimates from

Winship et al. (2002) used to approximate the efficiency with

which metabolizable energy is used (Ey;r) for North Atlantic
right whale calves, juveniles and adults

Eqr
Low High Mean SD
Maintenance 0.850 0.900 0.875 0.035
Growth - Fat 0.750 0.950 0.850 0.141

Growth — Protein 0.450 0.560 0.505 0.077

Table 2. Eubalaena glacialis. Values of efficiency with which
metabolizable energy is used (Eyr) generated for North At-
lantic right whales according to demographic unit by run-
ning 500 Monte Carlo simulations (randomly selecting a
parameter value from a normal distribution) (Table 1). na:

not applicable
Eqr
Fat Protein  Mean SD
Calves 0.210 0.346 0.741 0.042
Juveniles 0.396 0.347 0.739 0.064
Adults na na 0.875 0.036

is the energetic density of protein (~18000 kJ kg';
Schmidt-Nielsen 1990, Winship et al. 2002). We
assumed that body mass was either lipid or lean tis-
sue and that lean tissue was either protein or water
(Winship et al. 2002). The proportion of total body
mass that is blubber varied with age, and the propor-
tion of lipid in blubber was 90% for all groups
(Woodley et al. 1991, Miller et al. 2011). Whaling data
from other baleen whales provided estimates for the
proportion of lean tissue that was protein and the
proportion of lean tissue that was water (Lockyer et
al. 1985).

We estimated basal metabolic rate using an allo-
metric model because it has never been directly
measured for right whales. The model we used:

BMR = 292.88M°75 (3)

was derived from captive studies of terrestrial mam-
mals, where the basal metabolism (BMR) is kJ d!
and M is body mass in kg (Kleiber 1975, Lockyer
2007). We allowed BMR to vary by drawing estimates
of body mass from a distribution of possible values
for each age class (from within the 95 % confidence
limits of the growth curves derived for right whales;
Fortune et al. 2012).

This general relationship between body mass and
metabolism has been broadly used to describe the
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basal metabolic rate of various species of baleen
whales (e.g. Lockyer 2007). Although marine mam-
mals are generally believed to have an elevated
metabolic rate compared to terrestrial animals of a
similar size (e.g. Irving et al. 1935, Scholander et al.
1942), the basal metabolic rate of the closely related
bowhead whale Balaena mysticetus is estimated
(using a heat-flux model) to only be about one-third
of that predicted by Kleiber for terrestrial mammals
(George 2009). This low metabolic rate might reflect
having a disproportionately greater amount of fat
and a low relative proportion of to lean tissue com-
pared bone and adipose tissue (Kleiber 1975, Costa &
Williams 1999). Given the uncertainty in whether the
basal metabolic rate of North Atlantic right whales is
higher or lower than the Kleiber allometric predic-
tion, we chose to assume that basal metabolism was
best described using Kleiber's equation.

We accounted for the elevated metabolic rate of
immature animals that are actively growing (e.g.
juvenile metabolic rate is 2 times the rate of adults of
the same body mass; Brody 1945, Worthy 1987, 1990,
Hansen et al. 1995) by multiplying the BMR of calves
by 1.4 and the BMR of juveniles by 1.2 (decreased
BMR scalar because rate of growth in mass is ~50 %
less than that of calves). Although the scalars were
less than twice Kleiber, which is a common assump-
tion, the multiplicative effects of the costs of activity
ultimately elevated the metabolic rate to ~1.8 times
Kleiber.

Costs of activity were estimated by combining
information about the daily activity budget of right
whales with the physical forces they need to exert to
overcome the swimming drag associated with under-
taking each of the predominant behaviours. We be-
gan by assuming a simplified activity budget wherein
individuals partitioned their time into either only
feeding or traveling and incorporated the costs of
these activities using a metabolic scalar. For exam-
ple, Nousek-McGregor (2010) estimated that the
energetic costs of foraging were ~500 MJ d™! and that
costs associated with traveling were ~30 % lower. We
then used activity-specific drag coefficients to esti-
mate the activity costs (A) associated with each
behaviour (Nousek-McGregor 2010) and the propor-
tion of time (PT) that individuals spent per day
engaged in each behaviour (travel or foraging):

A= PTtravel X Atravel + (1 - PTtravel) X Aforage (4)

For pregnant females, we increased costs by 3 to
4 % to account for increased drag (Nousek-McGregor
2010). We also incorporated uncertainty into our
estimate of A by varying the proportion of time indi-

viduals spent foraging (PTjyrage) (52 to 93 % or ~12 to
22 h d!), assuming that whales were only traveling
when they were not foraging (Goodyear 1996). Since
the energetic costs of foraging are greater than
traveling, our upper bound estimate of A assumed
the whales foraged for ~22 h d™! and our lower bound
estimate assumed only ~12 h d™".

The foraging season of mysticete whales is highly
seasonal compared to odontocetes that forage almost
continuously throughout the year. We assumed that
fasting occurred while individuals were traveling
from their calving grounds in the southern United
States (Florida and Georgia) and while they occupied
these calving grounds. We used the North Atlantic
Right Whale Consortium Identification Database to
estimate the minimum residency time for all demo-
graphic groups on the calving grounds by subtract-
ing the first day an individual was observed in the
habitat from the last day sighted (North Atlantic
Right Whale Consortium 2010). We used migration
times of 21 to 26 d (Firestone et al. 2008) and as-
sumed that lactating females spent a minimum of 7 d
on the calving grounds and excluded any estimates
below this threshold. We incorporated the estimates
of fasting into the bioenergetics model by reducing
the total number of days available for foraging per
year (365 minus the number of fasting days). To
include uncertainty in the predictions, we assumed
that the migration parameter had a normal distribu-
tion for all demographic groups and that the proba-
bility distribution for the residency parameter varied
among demographic groups (normal and gamma).

Costs of gestation for mammals in general are com-
monly estimated by modeling fetal growth. Unfortu-
nately, we had to rely on allometric models because
fetal data are too sparse to directly model fetal growth
(mass) of North Atlantic right whales. We used 2
methods to estimate the costs of gestation. First we
calculated the heat of gestation (Rg), which required
calf mass measurements and was estimated using:

Rg =18421.9M;'2 5)

where R is in kJ and M; is the mass of the fetus in
kg (Brody 1968, Lockyer 2007). This method includes
the energy expense of maintaining the pregnant
uterus, work of fetal and maternal growth of preg-
nancy and the increased work of the maternal physi-
ological load (e.g. circulation, excretion, respiration,
maternal hormone influences of pregnancy and fetal
metabolism) (Lockyer 2007). We also assumed that
the cost of pregnancy was equivalent to ~1 % of the
adult female's basal metabolic cost (Blueweiss et al.
1978, Michaud 2005). Employing both methods en-
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Table 3. Eubalaena glacialis. Bioenergetic model parameter values for North Atlantic right whales (Eq. 1). See ‘Materials
and methods’ for details

Parameter Symbol Equation Demographic groups Value Probability
distribution
Activity A Pregnant 1.773-2.027, 1.900 Triangular
Calf, juvenile, adult, 1.713-1.959, 1.836 Triangular
lactating
Basal metabolic rate (kJ d™') BMR All 2.655 + 0.799 Normal
Fecal and urinary digestive efficiency Er.y All 0.740-0.858 Uniform
Heat increment of feeding Eyr Adult, pregnant, lactating  0.875 + 0.036 Normal
Juvenile 0.739 + 0.065 Normal
Calf 0.742 + 0.042 Normal
Proportion of body growth that is lipid Puip Pregnant, lactating 0.369 + 0.016 Normal
Adult 0.358 + 0.027 Normal
Juvenile 0.356 + 0.043 Normal
Calf 0.189 + 0.043 Normal
Proportion of lean body growth that is water Pw (2) All 0.642-0.702 Uniform
Energy deposited during gestation (fetus) (MJ) Rg 5) Pregnant 4.3-225.5 Uniform
Energy transferred during lactation (calf) (MJ) R (1) Lactating 1391-1933 Uniform
Time fasting while migrating (d) tm (1) All (except calves) 22.5+£1.291 Normal
Time fasting on calving grounds (d) & (1) Resting, pregnant 1.638, 0.035, 14.495 Gamma
Lactating 46.410 + 14.540 Normal
Male 0.973, 11.164, 3.388 Gamma
Juvenile 16.331 + 8.480 Normal

abled us to incorporate uncertainty into the model
predictions.

We incorporated information about calf energy
needs and estimates of female milk production to
account for the elevated costs of lactation. First, we
added the daily GER estimate for the calf to the daily
GER estimate for the lactating female assuming 90 %
efficiency of energy transfer between the mother and
offspring (resulted in lactating females providing
~110% of the predicted energy needs of the calf;
Lockyer 1981). We then estimated the energetic cost
of lactation by accounting for the quantity of milk
produced, the duration of the nursing period and the
caloric content of milk (Lockyer 1981). Information
on the quantity and quality of milk from other baleen
whales was then combined with information on the
estimated age of weaning for right whales (Lockyer
1981). Thus, we again employed 2 different methods
to incorporate a range of predictions for the cost of
lactation.

Parameter uncertainty and model evaluation

Uncertainties in model predictions were evaluated
using Monte Carlo simulations that selected different
combinations of parameters from a predetermined
range of possible values. We assigned a probability
distribution for each model parameter (i.e. uniform,

normal, triangular and gamma) based on available
information or assumed a uniform distribution in the
absence of adequate information. We then conducted
a Monte Carlo simulation by varying all parameter
inputs assuming a probability distribution with a
range above and below the mean value for a normal
distribution, a minimum and maximum value for a
uniform distribution, an upper, lower and mode esti-
mate for a triangular distribution, and a shape, rate
and scale estimate for the gamma distribution. Ten
thousand iterations were completed by simultane-
ously varying all model inputs (Tables 3 & 4). Para-
meters with greater uncertainty were expected to have
the largest range in predicted values, which in turn
would affect the accuracy of the model predictions.
We conducted a sensitivity analysis of the model
predictions to understand whether the model out-
puts were sensitive to specific input parameters and
whether more accurate values would improve the ap-
plicability of the model. This analysis would determine
the sensitivity of model outputs to variability (or un-
certainty) of an input parameter and whether model
outputs were correlated with an input parameter to
the degree that small changes in the input value
caused significant changes in the output (Hamby
1994). Model sensitivity was analyzed by separately
varying each parameter group (production, metabo-
lism, digestion, fasting and reproduction) while hold-
ing the others constant. Comparisons of the coefficient
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Table 4. Eubalaena glacialis. Sensitivity analysis of bioenergetic model gross energy requirement (GER) predictions for North
Atlantic right whales by demographic group where uncertainty was incorporated into each parameter group by running
10000 Monte Carlo simulations. Results from a Kolmogorov-Smirnov test for normality (using Nortest 1.0 package in the sta-
tistical program R) suggested that all probability distributions were significantly different from a normal distribution (p < 0.05)

Parameter group GER (MJ d})

Mean SD CV Median Minimum Maximum Skew Kurtosis
Calf
Production 1928 250.3 12.98 1910 1091 2955 0.35 3.29
Digestion 1699 238.4 14.03 1685 898 2932 0.37 3.33
Metabolism 2015 237.2 11.77 2002 1193 2897 0.22 3.14
All 1767 261.0 14.77 1750 963 3039 0.41 3.38
Juvenile
Production 2107 262.2 12.44 2097 1341 3111 0.27 3.18
Digestion 1970 311.4 15.81 1945 1037 3764 0.47 3.47
Metabolism 2254 286.5 12.71 2246 1403 3441 0.26 3.18
Fasting 2108 267.2 12.68 2099 1305 3289 0.26 3.15
All 2104 345.2 16.41 2074 1150 3719 0.52 3.46
Adult male
Production 1802 248.4 13.78 1782 1088 2691 0.30 3.02
Digestion 1674 252.2 14.57 1660 902 2807 0.31 3.09
Metabolism 1933 273.7 14.16 1916 1112 2974 0.26 3.06
Fasting 1799 250.4 13.92 1783 1081 2732 0.28 3.10
All 1793 261.3 14.57 1778 964 2803 0.31 3.03
Adult female
Production 1918 264.8 13.81 1902 1158 2859 0.26 3.07
Digestion 1787 266.4 15.89 1774 1044 3070 0.28 3.03
Metabolism 2050 288.2 14.06 2033 1162 3173 0.26 3.12
Fasting 1924 300.1 15.60 1897 1078 3885 0.54 3.76
All 1906 302.9 15.89 1885 1013 3705 0.48 3.57
Pregnant
Production 1926 266.3 13.82 1905 1164 2868 0.30 3.10
Digestion 1787 268.3 15.01 1769 978 2904 0.32 3.03
Metabolism 2106 298.9 14.19 2090 1220 3250 0.28 3.08
Fasting 1933 293.9 15.27 1906 1100 4000 0.60 417
Gestation 1992 266.8 13.39 1973 1163 3024 0.27 3.07
All 2090 329.6 15.77 2068 1124 4232 0.54 4.14
Lactating
Production 3778 287.6 7.61 3756 2963 4797 0.28 3.05
Digestion 3198 289.2 9.05 3178 2331 4354 0.33 3.09
Metabolism 3477 310.9 8.94 3454 2568 4678 0.29 3.12
Fasting 3344 332.5 9.94 3325 2336 4814 0.32 3.18
Lactation 4112 346.0 8.41 4103 2979 5447 0.16 2.92
All 4120 414.0 10.05 4105 2807 5738 0.24 3.05

of variation for each parameter group revealed which
parameters introduced the greatest uncertainty into
our model predictions. Sensitivity analyses are impor-
tant for model refinement and for highlighting areas
of data deficiency and can thus be used to determine
where future research should be focused to derive
better estimates of food requirements.

Consumption estimates

We evaluated the model predictions by comparing
the GER estimates for different demographic groups
with estimates of energetic consumption (EC; see
Eq. 6) in 2 feeding habitats. Our general method was

to combine estimates of prey energy density (com-
bining prey quality Depergy and prey density Dyey)
from field samples with consumption estimates cal-
culated from foraging behaviour and biomechanics.
Prey density was calculated using 17 samples from
the Bay of Fundy and 2 samples from the adjacent
Roseway Basin habitat. All were collected at depth
from an optical plankton counter (Baumgartner &
Mate 2003). The 28 samples from Cape Cod Bay
were collected at the surface with a conical net
(60 cm diameter ring net with 333 pm mesh) by the
Provincetown Center for Coastal Studies; samples
were taken from the path of feeding right whales
(within 50 m of the skim feeding animal). Consump-
tion rates were calculated by estimating the foraging
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distance (Fgistance) @nd assuming a foraging speed of
0.64 m s7! in Cape Cod Bay (Mayo & Marx 1990) and
0.986 m s! in the Bay of Fundy (Nousek-McGregor
2010), a mouth gape of 1.21 m (Mayo et al. 2001), and
a proportion of time spent feeding that ranged from
52 to 93 % (Goodyear 1996). Varying the time spent
feeding (~12, 15 and 22 h d™! according to Goodyear
1996) allowed us to generate low, medium and high
estimates of energy consumption. Since the foraging
behaviour differed between habitats (deep diving in
Bay of Fundy and surface or near-surface feeding in
Cape Cod Bay), the proportion of time individuals
spent capturing prey would likely differ between
habitats.

For the deeper diving Bay of Fundy animals we
accounted for ascent, descent, and bottom phases
(where prey consumption likely occurs), and surface
recovery times using results from 3 tagging studies
conducted on North Atlantic right whales in the
Bay of Fundy (Goodyear 1996, Baumgartner & Mate
2003, Nousek-McGregor 2010). According to these
studies, right whales spend ~53% of their entire
dive cycle (i.e. ascent, descent, bottom phase and
surface recovery) near the ocean floor where they
are assumed to ingest prey. Thus 47 % of the time
that right whales spent foraging in the Bay of Fundy
was lost due to ascent and descent and respiratory
recovery at the surface. We also assumed that prey
densities and species composition remained con-
stant over the foraging period, and we corrected for
the inefficiencies of right whale baleen to capture
prey by applying filtration efficiencies (Briration)
(Mayo et al. 2001, C. A. Mayo & S. M. E. Fortune
unpubl. data) to the following energetic consump-
tion (EC) estimate:

EC= Dprey % Biilration X Denergy % Fistance (6)

RESULTS
Energy requirements

Mean (+SD) daily energy requirements (averaged
over 1 yr for calves, 8 yr for juveniles and 13 yr
for adults) differed between demographic groups.
Calves (1767 = 261.0 MJ) and adult males (1793 =
261.3 MJ) required the least total energy per day
and lactating females required the most (4120 +
414.0 MJ; Fig. 1, Table 4). Pregnant females (2090 =
329.6 MJ) and juveniles (2104 + 345.2 MJ) required
marginally more energy each day than resting fe-
males (1906 + 302.9 MJ; Fig. 1, Table 4). However,
daily energy needs as a proportion of mean body
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Fig. 1. Eubalaena glacialis. Mean daily gross energy re-
quirements for different demographic groups of North At-
lantic right whales predicted using the generalized bioener-
getics model and calculated as annual energy requirements
divided by the number of available foraging days per year.
Males: reproductively mature adults (=9 yr); females: adults
>9 yr that were not pregnant or lactating; calves: animals
aged O to 1 yr; juveniles: animals >1 and <9 yr of age. These
estimates were derived from 10 000 Monte Carlo simulations
that incorporated uncertainty assuming model parameter
probability distributions of either normal, uniform, triangu-
lar or gamma, as described in Table 3. Bar: median; box: in-
terquartile range; whiskers: max./min. values; dots: outliers

size (Fig. 2) shows calves required the most energy
per unit mass (0.227 MJ kg™!), followed by lactating
females (0.151 MJ kg™), juveniles (0.111 MJ kg™}),
pregnant females (0.077 MJ kg~!), resting females
(0.070 MJ kg™?!) and males (0.066 MJ kg™1).

North Atlantic right whales exhibit rapid post-natal
growth and consequently, the mean daily energy
requirements of immature (calves and juveniles)
animals varied considerably overtime (Fig. 3). For
example, calves attain ~75% of their maximum size
upon weaning and their mean daily energy require-
ments increase by ~57 % between age 0 and 1 (mean
daily energy requirements range from 730 to 1700 MJ,
Fig. 3). Furthermore, juvenile animals attain 92 % of
their maximum size before sexual maturity (9 yr)
and their energy requirements increase by ~27 % be-
tween age 1 and 9 (mean daily energy requirements
range from 1770 to 2410 MJ; Fig. 3). The predicted
energy needs of calves (0.5 to 1.0 yr) is higher than
juveniles (2 to 3 yr) because of the high costs associ-
ated with post-natal growth (e.g. elevated produc-
tion and metabolic costs). Upon weaning at 1 yr,
the daily growth rate of juveniles decreases consider-
ably (Fortune et al. 2012), thus lowering energetic
requirements.
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The amount of food required by North Atlantic
right whales, expressed as a proportion of their
own body mass, varied across demographic groups.
Assuming 1 g of prey contains 4.186 kJ of energy
(Lockyer 1981, Kenney et al. 1986, Mauchline 1998),
calves required the greatest relative biomass (5.4 +
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Fig. 2. Eubalaena glacialis. Mean daily energy needs for dif-

ferent demographic groups of North Atlantic right whales

expressed as a proportion of mean body mass (Fortune et

al. 2012). See Fig. 1 legend for definitions of demographic
groups. Boxplot limits as in Fig. 1

0.76 %) followed by lactating females (3.6 + 0.37 %;
Table 5). Conversely, non-reproductive adults only
needed to consume the equivalent of 1.6 + 0.24 % for
males and 1.7 + 0.27 % of their body mass per day for
resting females to meet their food requirements
(Table 5).

Residency time

Of all the demographic groups of North Atlantic
right whales analyzed (lactating, non-lactating, juve-
nile and adult male), we found that lactating females
spent the longest time (mean + SD) on the calving
grounds off Florida and Georgia (46.32 + 14.60 d),
and that males spent the least time (3.11 + 3.33 d;
Fig. 4). This difference between residency times of
males and females is consistent with what we antici-
pated given the reproductive biology of North Atlantic
right whales. Residency times for non-lactating adult
female (23.75 + 18.60 d) and juvenile (16.33 = 8.50 d)
right whales were similar to each other, but signifi-
cantly shorter than for the lactating females (Fig. 4).
This analysis only included data collected from the
calving grounds and thus assumes that all demo-
graphic groups spend a portion of the year fasting.

5000
Calves (0-1 yr) Juveniles (2-9 yr)
4500
T . ’ B
T 4000 o o ] 8
g o ) a
< 3500 o i . B
= g 8 o = -1
(ICJ a =} . .
— o
£ 3000 L a L
e 1 o
S 2500
5 A
% 2000 | | ll_jl | |
o L |
(0]
% —— N 1 —E— = _g_ _g_
S 1000 = : 5
G i ¢ 8
500
0
0.25 0.50 0.75 1 2 3 4 5 6 7 8 9
Age (yr)

Fig. 3. Eubalaena glacialis. Mean daily gross energy requirements for immature North Atlantic right whales predicted using

the generalized bioenergetics model, and calculated as annual energy requirements divided by the number of available forag-

ing days per year for juveniles and quarterly energy requirements for calves (i.e. energy required between 0-0.25, 0.25-0.50,

0.50-0.75 and 0.75-1.00 yr). Calves consisted of animals aged 0 to 1 yr and juveniles represented animals >1 and <9 yr of age.

These estimates were derived from 10 000 Monte Carlo simulations that incorporated uncertainty into model parameters. The

elevated energy needs of calves between 0.50 and 1 yr (compared to juveniles of 2-3 yr) largely reflects the high cost of body
growth (of which ~75 % occurs during dependency). Boxplot limits as in Fig. 1
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Table 5. Eubalaena glacialis. Predicted food requirements
expressed as a proportion of mean body mass (Fortune et al.
2012) that each demographic group of North Atlantic right
whales need to consume to meet their predicted daily
energy needs, assuming 1 g of prey is equivalent to 4.186 kJ

Demographic Food requirements (% body mass)
group Mean SD
Calf 5.4 0.76
Juvenile 2.7 0.31
Adult male 1.6 0.24
Adult female 1.7 0.27
Pregnant 1.8 0.30
Lactating 3.6 0.37

Sensitivity analysis

Systematically incorporating uncertainty into dif-
ferent model parameter groups (i.e. production, di-
gestion, metabolism, time fasting and reproduction)
showed that overall the model predictions were most
sensitive to uncertainties in the energetic costs of
digestion and fasting. For example, digestion intro-
duced the greatest uncertainty into the predicted
energy requirements of calves (mean CV 14.03, range
11.77 to 14.03) and juvenile right whales (15.81, 12.44
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Fig. 4. Eubalaena glacialis. Mean residency times on the
calving grounds (Florida and Georgia, Southeastern US) for
different demographic groups of North Atlantic right whale
calculated by subtracting the last day seen on the calving
grounds from the first day seen using identification data
from the North Atlantic Right Whale Consortium from 1991
to 2009 (n = 18 yr). Adult males were absent from the calving
grounds in 1991 and thus received a residency time of 0 d for
this year. Each boxplot shows the distribution of 18 annual
mean residency times. Boxplot limits as in Fig. 1; notch
indicates median uncertainty (confidence interval)

to 15.81; Fig. 5, Table 4). Digestion also had the
greatest effect on the predictions of energy require-
ments for adult males (14.57, 13.78 to 14.57; Fig. 5,
Table 4) due to the short time males spent on the
calving grounds and the considerable uncertainty in
estimated fecal and urinary digestive efficiency asso-
ciated with consuming a mixed diet and the in-
efficiency of utilization of metabolizable energy. The
predicted energy needs of non-reproductive females
were also most sensitive to estimates of digestion
(15.89, 13.81 to 15.89; Fig. 5, Table 4). The predicted
energy needs of pregnant (15.27, 13.39 to 15.27) and
lactating females (9.94, 7.61 to 9.94; Fig. 5, Table 4)
were most sensitive to fasting due to the greater
range in time they spent on the calving grounds.

Prey consumption

Particle densities of prey differed between the 2
feeding habitats. In the Bay of Fundy, prey samples
taken near feeding right whales (6618 + 3481 organ-
isms m~3, mean * SD; Baumgartner & Mate 2003) had
a mean particle density that was ~56 % lower than in
Cape Cod Bay (14778 + 18594 organisms m™3; Fig. 6).
However, the range in particle densities in the 2
habitats was greater in Cape Cod Bay (740 to 58 742
organisms m~3) compared to the Bay of Fundy (3020
to 14 945 organisms m™3; Fig. 6), suggesting that prey
consumption may be more variable in Cape Cod Bay.
However, zooplankton patches could also be more
spatially disjointed in Cape Cod Bay, and some
samples could have been collected from areas where
extreme concentrations formed.

Bay of Fundy prey samples were dominated by late
stage Calanus finmarchicus (Baumgartner & Mate
2003) and Cape Cod Bay samples contained a mix-
ture of different species and life stages of copepods.
Calculating energetic densities (kJ m™) of prey sam-
pled near feeding whales showed higher energy
densities (mean + SD) in the Bay of Fundy (52 + 27 kJ
m~>) compared to Cape Cod Bay (20 + 22 kJ m™3;
Fig. 6). Minimum and maximum energetic densities
varied from 24 to 116 kJ m~3 in the Bay of Fundy and
1to 87 kJ m~in Cape Cod Bay (Fig. 6). This suggests
that the nutritional value of prey found near the
North Atlantic right whales was better on average in
the Bay of Fundy.

Our estimates of the mean (+SE) amounts of food
that right whales consumed in the Bay of Fundy and
Cape Cod Bay differed significantly between habi-
tats. Assuming minimum, mean and maximum for-
aging distances (i.e. distance traveled while forag-
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Fig. 5. Eubalaena glacialis. Sensitivity analysis results from the bioenergetic model that predicted the daily gross energy re-

quirements for each demographic group of North Atlantic right whales derived from 10 000 Monte Carlo simulations that in-

corporated uncertainty into each parameter group (i.e. production, digestion, metabolism, fasting and reproduction) sepa-

rately, while holding the other parameter values constant. Parameter groups with the greatest influence on the bioenergetic
model predictions are those with the greatest range in predicted values. Boxplot limits as in Fig. 1

ing, Fgistance in Eq. 6) of 29, 35 and 51 km, we pre-
dicted that North Atlantic right whales consumed a
minimum of 727 + 757 MJ d™!, a mean of 943 + 969
MJ d7!, and a maximum of 1311 + 1348 MJ d~! (Fig. 7)
in Cape Cod Bay. Although foraging speeds were
greater in the Bay of Fundy (Baumgartner & Mate
2003) during the bottom phase of deep dives when
whales were assumed to be feeding at depth, the
area covered while foraging was less than that for
skim feeding whales in Cape Cod Bay (Mayo & Marx
1990). Average energetic consumption in the Bay of
Fundy was predicted to be a minimum of 1429 +
751.69 MJ d7! for a right whale swimming a mini-
mum of 20 km d~! while ingesting prey, a mean of
1726 + 907.81 MJ d~! for a mean of 25 km d7!, and a
maximum of 2559 + 1345.82 MJ d! (Fig. 7) for a max-
imum swimming distance of 36 km d~!. Foraging
right whales thus obtained more energy while forag-
ing in the Bay of Fundy than those foraging in Cape
Cod Bay.

The bioenergetic model estimates of mean daily
energy needs showed some disparity with the field-
derived estimates of energetic consumption for Cape
Cod Bay and Bay of Fundy. For example, lactating

females foraging at their maximum rates would ob-
tain on average ~62% (47-77 95% CI) of their pre-
dicted energy needs from the Bay of Fundy, and only
~33% (20-44) of their food requirements by foraging
in Cape Cod Bay (Table 6). Comparatively, lactating
females could obtain ~39% (29-54) of their needs
in Cape Cod Bay and ~77% (59-95) in the Bay
of Fundy when fasting costs are not accounted for
(~19% decrease in mean daily GER). However, adult
males almost met their needs in Cape Cod Bay (~73
45-101%) and exceeded their needs in the Bay of
Fundy (~142, 109-176 %) under the same foraging
scenario (Table 6). Foraging success (in terms of
meeting daily energy requirements) appears to differ
between demographic groups and may be higher in
the Bay of Fundy compared to Cape Cod Bay.

Based on estimates of average energy consumption
derived from the relatively few prey samples (n = 28
in Cape Cod Bay between 2001 and 2010, n = 19 in
the Bay of Fundy between 2000 and 2001), right
whales in Cape Cod Bay needed to feed for signifi-
cantly longer to meet their daily needs, and there did
not appear to be sufficient energy in either habitat
to support lactating females (Table 6). However, a
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small portion of the prey samples did have sufficient
energy to support all demographic groups of right
whales. For example, 4 % of the prey samples from
Cape Cod Bay cointained sufficient energy to meet
the energetic needs of all demographic groups forag-
ingfor15h d!, and 11-14 % of the samples were suf-
ficient to meet their needs under the 22 h d™! feeding
scenario (Table 6). In the Bay of Fundy all demo-
graphic groups, except lactating females, were able
to meet their food needs after foraging for only 12 h
d™!, and all demographic groups were able to achieve
an energy balance after foraging for 15 and 22 h d™*.
Thus, the model predictions of energy requirements
are consistent with the field estimates of prey avail-
ability assuming that the whales could locate the
higher energy-rich patches.

DISCUSSION

Calculating the energy needs of North Atlantic
right whales by demographic group provides a per-
spective on the nutritional status and potential im-
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Fig. 7. Eubalaena glacialis. North Atlantic right whale mean
energetic consumption predicted for 2 foraging habitats,
Cape Cod Bay (CCB, n =28, 0) and the Bay of Fundy (BOF, n
= 19, @) with 95% confidence limits (dotted lines). These
estimates were created assuming minimum, mean and max-
imum foraging scenarios (when individuals are actively con-
suming prey) of 12.5, 15.1, and 22.3 h d°!, respectively, for
CCB and 6.6, 8.0, and 11.8 h d~!, respectively, for BOF.
Although the time spent foraging is assumed to be the same
for both habitats, the time individuals are assumed to be
consuming prey is different. Differences between minimum,
mean and maximum prey ingestion for CCB and BOF are
based on observed disparities between the dominant feed-
ing techniques (deep diving in BOF and skim feeding in
CCB) employed in both habitats. Consumption estimates
were also corrected for imperfect filtration (Eq. 6)

pacts on recovery of right whales that previous mod-
els failed to capture. Most notably, the model shows
that lactating females had the highest energy needs
of any group and that they may experience an en-
ergy deficit when foraging in Cape Cod Bay and the
Bay of Fundy. The discrepancy between the predic-
tions of daily energy needs and estimates of actual
energy consumed suggests that lactating females are
more susceptible to experiencing periods of nutritional
stress than any other demographic group. This find-
ing has implications for the recovery of right whales.

Model predictions
With the exception of lactating females, the daily

energy needs of most demographic groups of North
Atlantic right whales appear to be relatively similar
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Table 6. Eubalaena glacialis. Estimated energy consumed (MJ d!) by individual North Atlantic right whales and the percent
of mean daily energy requirements that different demographic groups could obtain in Cape Cod Bay (between 2001 and 2010)
and the Bay of Fundy (2000 and 2001) under 3 foraging scenarios (feeding either 12.5, 15.1 or 22.3 h d"!). All values are means
with 95 % confidence limits in brackets, with numbers in bold indicating when the predicted daily energy needs were within +
15 % of the energy consumed. Also shown are the percentages of prey samples for each region (n = 28, Cape Cod Bay; n = 19,
Bay of Fundy) that contained sufficient energy to meet (within +15 %) or exceed (>15 %) the predicted daily energy needs of
the right whales. Instances when at least one prey sample yielded an estimate of energy consumption that was within 15 % of
the predicted energy needs is indicated in bold

Cape Cod Bay scenarios Bay of Fundy scenarios

Minimum Mean Maximum Minimum Mean Maximum
Time feeding (h da" 12.5 15.1 22.3 12.5 15.1 22.3
Energy consumed (MJ d? 727 943 1311 1429 1726 2559
Energy (95 % Cls) (447-1008) (684-1303) (811-1810) (1091-1767) (1318-2134) (1954-3164)

Demographic group Predicted energy needs met (%) Predicted energy needs met (%)

Juvenile (95 % ClIs) 34 (21-48) 5 (28-62) 62 (38-86) 68 (52-84) 82 (62-101) 121 (92-150)
Adult male 40 (25-56) 2 (32-72) 73 (45-101) 79 (61-98) 96 (73-119) 142 (109-176)
Adult female 38 (23-53) (31 68) 69 (43-95) 75 (57-93) 91 (69-112) 134 (103-166)
Pregnant 35 (21-48) (28-62) 63 (39-86) 68 (52-84) 82 (63-102) 122 (93-151)
Lactating 8 (11-24) 23 (14-32) 32 (20-44) 35 (26-43) 42 (32-52) 62 (47-77)
Demographic group Prey samples (%) Prey samples (%)

Juvenile 7 14 25 26 26 68

Adult male 11 14 29 26 42 74

Adult female 11 14 25 26 42 68
Pregnant 7 14 25 26 26 74
Lactating 0 4 7 0 5 21

to one another (Fig. 1). The model suggests that
mean daily intake ranges from 1793 to 2104 MJ for
juveniles, adult males, and adult females (pregnant
and non-pregnant). This equates to ~427 to 568 kg
of copepods d! for each individual, assuming that
copepods contain ~4.186 kJ g~! wet wt (Kenney et
al. 1986, Mauchline 1998, Lockyer 2007). However,
expressing daily energy needs of right whales in
terms of mean body size shows that calves (0.23 MJ
kg™!) require ~50% more energy than juveniles
(0.11 MJ kg™') and more than twice that of adults (i.e.
an adult female requires 0.07 MJ kg™!).

The higher relative energy needs of young animals
compared to adults reflect the high energy costs
associated with body growth and associated elevated
metabolic requirements (e.g. Brody 1945, Worthy
1987, 1990, Hansen et al. 1995). North Atlantic right
whales attain 76 % of their maximum length but only
~46 % of their weight within the first year of life (For-
tune et al. 2012). However, juvenile right whales
obtain ~76 % of their maximum mass by 8 yr of age
(Fortune et al. 2012) and thus their basal metabolic
rate was estimated to be elevated by 20%. Thus the
difference in the daily energy requirements of juve-
niles compared to adult males is relatively small (i.e.

juveniles required only ~15% more energy than adult
males) compared with the energetic requirements of
calves.

Adult males require ~6 % less energy (MJ d~!) than
non-reproductive adult females due in part to differ-
ences in body composition (blubber and lean tissue).
However, most of the estimated difference between
adults reflects the smaller portion of time that adult
males spend fasting on the calving grounds—and
hence the greater amount of energy that adult fe-
males have to make up for when they begin feeding
again. Pregnant females also spend longer on the
calving grounds than males and require ~14 % more
energy than males and ~9 % more energy than non-
reproductive females. This suggests that the ener-
getic cost of carrying a fetus to term is relatively low.
These estimates of fasting times by demographic
groups are the first to be calculated for North Atlantic
right whales and had a substantial effect on the
amounts of food that right whales were predicted to
require during the rest of the year.

While the daily cost of pregnancy alone may be low
(0.077 MJ kg!), the costs of lactation are consider-
ably higher (0.151 MJ kg™!). Lactating females re-
quired almost twice as much total energy per
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day compared to pregnant females (4120 + 414.0 vs.
2090 + 329.6 MJ d7!) and had the highest demands
compared to other groups (Fig. 2). The high food
requirements of lactating North Atlantic right whales
presumably reflect the energy required to support
rapid postnatal growth (Fortune et al. 2012) over the
~12 mo nursing period (Hamilton et al. 1995, Hamil-
ton & Cooper 2010). Lactating females also spend
~23 d more than non-lactating females fasting on
the calving grounds. Thus, lactating females have
a shorter foraging season compared to other demo-
graphic groups.

The model predictions for North Atlantic right
whales are consistent with estimates of daily energy
and biomass needs that have been calculated for
other baleen species. For example, analysis of stom-
ach contents and predictions of feeding rates for
other cetaceans suggest that large baleen whales
consume 1.5 to 2.0 % of their body weight per day in
food (Lockyer 1981) and that fin whales Balaenoptera
physalus consume 1.6 to 3.3% (Vikingsson 1997,
Lockyer 2007). Furthermore, Sergeant (1969) sug-
gested that baleen whales would require 4 % of their
body weight per day in prey during the summer for-
aging season. These estimates are comparable with
the range of the model predictions for North Atlantic
right whales (1.6 to 5.4 % body weight d-1).

In terms of lactation and gestation, studies of other
large whales have also found the costs of gestation to
be minimal compared to those of lactation. Such
differences have been found for lactating baleen
whales, which are predicted to require double the
energy of pregnant females (Lockyer 1984). We
found that the mean daily energy needs were 50 %
higher for lactating North Atlantic right whales com-
pared to pregnant females. Furthermore, our model
predicts that lactating right whales would require
~15 times more energy than pregnant females to
meet the costs of nursing alone, which is comparable
to the predictions for fin and Antarctic blue whales
Balaenoptera musculus (Lockyer 1981). Additional
bioenergetic models that incorporate fetal growth
models have also found that baleen and odontocete
species incur marginal costs to support gestation
(Lockyer 2007).

Model validation

The consistency between the model predictions
and those from other bioenergetic models of large
baleen whales suggests that the estimates are rea-
sonable. However, such a comparison alone is in-

sufficient to validate the results given that all of the
existing bioenergetic models for baleen whales are
simplifications of complex systems that have tended
to rely on a common set of assumptions and model
parameter values.

Comparing the predictions of energy requirements
with empirical data used to estimate prey consump-
tion is another means to evaluate the model. A per-
cent difference between the model predictions and
estimates of prey consumption of >15 % is considered
to be unacceptable and would imply that the model
is not supported and should be re-parameterized
(Berkson et al. 2002, Chipps & Wahl 2008). We there-
fore evaluated our model by comparing predictions
of mean daily energy requirements with (1) estimates
of average energy consumption and (2) individual
estimates of energy consumption derived from 28
prey samples in Cape Cod Bay and 19 in the Bay of
Fundy.

Our study showed close agreement (i.e. <15% for
all demographic groups except lactating females) be-
tween the (95% Cls) estimates of consumed and re-
quired energy when individuals foraged on energy-
rich prey patches (i.e. those representing the upper
95% confidence limits in Cape Cod Bay) for 22 h d~!
in Cape Cod Bay and between 12 and 22 h d~! in the
Bay of Fundy (Table 6). The field data suggest that a
lactating female foraging for 22 h d~! only obtains
~33 (20-44)% of her daily energy needs in Cape Cod
Bay and 62 (47-72)% of her needs by foraging fur-
ther north for the same length of time in the Bay of
Fundy (Table 6).

The apparent discrepancy between observations
and predictions in Cape Cod Bay may reflect an error
in model parameterization or could be due to an error
in sampling prey in the field. However, given the
observed signs of nutritional stress identified in
mature females, this discrepancy may also reflect
a real phenomenon of food shortage for lactating
females. Few of the model parameters were drawn
from direct measurements of right whales because
commercial whaling was banned before standard
data collection techniques were implemented (e.g.
fetal length and weight recording) and because of
the inherent logistical constraints involved in study-
ing the energetics of wild cetaceans. Therefore, we
relied on model parameters taken from other species
(e.g.lactation, heat increment of feeding), which may
have overestimated energy needs. Other parameters
in the bioenergetics model were estimated using
allometric relationships derived from captive studies
(e.g. basal metabolic rate, gestation), which could bias
model results.
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The other possible explanation for the discrepancy
between the model predictions and field observa-
tions is that observed rates of prey consumption by
right whales were underestimated in Cape Cod Bay
due to sampling limitations. Differences in the verti-
cal distribution of prey and right whale foraging
behaviour resulted in different sampling methods
being used to collect zooplankton in Cape Cod Bay
and the Bay of Fundy (Mayo & Marx 1990, Baumgart-
ner et al. 2003a,b, Baumgartner & Mate 2003, Parks
etal. 2012). As a result, surface-net sampling in Cape
Cod Bay may have underestimated prey consump-
tion compared with deep-water sampling occurring
in the Bay of Fundy, where vessel turbulence was
less likely to affect prey densities sampled. However,
prey densities in the Bay of Fundy may be imprecise
as well because collection occurred at specified loca-
tions and depths where the whales were assumed to
be feeding (Baumgartner & Mate 2003) compared to
Cape Cod Bay where the animals were confirmed to
be feeding. Therefore, prey densities sampled near
feeding whales in Cape Cod Bay and the Bay of
Fundy may be lower than actual densities consumed
because of sampling error and should be considered
minimum estimates.

Overall we feel that the model parameters used
were reasonable and yielded realistic estimates of
energy requirements for right whales. We included
all of the important parameters that significantly
influence energy requirements and addressed un-
certainty in their values (and on model predictions)
by assigning error terms for each input value. The
model predictions thus consist of a range of values
that reflect the relative uncertainty surrounding the
parameters used to generate the estimates of energy
requirements and should be applied with this uncer-
tainty in mind. The predictions also compare favor-
ably with field estimates of consumption in the Bay of
Fundy but not as well with those from Cape Cod Bay
due perhaps to underestimating prey densities in the
surface waters. A noteworthy finding, however, is
that the model suggests that right whales would need
to feed for long hours in Cape Cod Bay to make ends
meet (up to 22 h d7!). This prediction is consistent
with limited field observations showing continuous
feeding for over 8 h by right whales that were indi-
vidually followed in Cape Cod Bay (Jaquet et al. 2007).

The average energy density of prey patches sam-
pled in Cape Cod Bay and the Bay of Fundy appear
to have been insufficient to support lactating females
(Table 6). However, some of the individual prey
patches sampled were sufficient to meet and exceed
the model estimates of energy needs in both habitats

(Table 6). For example, 1 of the 28 samples from
Cape Cod Bay contained enough energy to fulfill
96 % of the nutritional requirements of a lactating
female foraging for 15 h d!, and 2 of the 28 samples
exceeded the requirements by 16 and 42 % if they
foraged for 22 h d-!. Furthermore, in the Bay of
Fundy 3 of 19 prey samples yielded estimates of daily
energy consumption that comprised 95% (~15 h d™),
93 and 112 % (~22 h d™!) of the energetic needs of lac-
tating females. Thus, lactating females could meet
and exceed their food requirements in Cape Cod Bay
and the Bay of Fundy provided they could access
nutritionally rich prey patches, but would have had
difficulty if they relied on average patches. These
results suggest that the model predictions are rea-
sonable and that average energetic consumption
alone may not be adequate to evaluate the model
outputs because of variability in the caloric density of
prey patches. Collecting additional prey samples to
estimate ingested energy, and specifically targeting
prey patches consumed by lactating females, will
shed more light on how likely lactating whales are to
meet their predicted energy requirements in both
habitats and how foraging success is impacted by
variability in prey quality and quantity over space
and time.

Habitat quality

Some of the discrepancy between the predicted
energy requirements and estimated prey consump-
tion by right whales in Cape Cod Bay may be
explained by sampling methodology. However, the
underestimation of prey abundance by so much in
this location or the great overestimation of the energy
needs of right whales seem unlikely. This raises the
possibility that Cape Cod Bay is in fact a marginal
habitat for some right whales that have elevated
energy needs, such as lactating females. It may also
explain why so few calves are observed in Cape Cod
Bay compared to the Bay of Fundy.

Lactating females typically arrive in Cape Cod Bay
towards the end of the time when zooplankton
sampling and systematic aerial surveys are usually
conducted in April or May (Jaquet et al. 2007). The
whales' arrival corresponds to a time when prey den-
sities are at their maximum, and the dominant spe-
cies is Calanus finmarchicus (DeLorenzo Costa et al.
2006b). However, only ~10 to 31 % of annually iden-
tified mother and calf pairs are found during this time
in Cape Cod Bay (Jaquet et al. 2007). Furthermore,
only 2 of 19 prey samples taken in Cape Cod Bay
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between April and May agreed with the predicted
energy needs of lactating females. Consequently,
Cape Cod Bay may be more suitable for other demo-
graphic groups (such as resting adults and juveniles)
that have lower daily energy needs.

North Atlantic right whales make a living by forag-
ing on different taxa, life-stages and sexes of cala-
noid copepods that differ in energetic value. These
primary prey taxa include Calanus finmarchicus,
Pseudocalanus spp., Centropages hamatus and Cen-
tropages typicus (Mayo & Marx 1990, Durbin et al.
1995, Beardsley et al. 1996, Baumgartner & Mate
2003, DeLorenzo Costa et al. 2006a), of which C. fin-
marchicus appears to form the largest proportion of
the whales' diet (Kenney et al. 2001) throughout most
of the feeding range of the species. Some feeding
habitats are dominated by C. finmarchicus, particu-
larly Stage 5 (CV), which are of high caloric value
(DeLorenzo Costa et al. 2006a). CV C. finmarchicus
are the second most energetically dense of the life
stages because they maximize their lipid stores
before entering a diapause period when the food
supply is low (Michaud & Taggart 2007). The ability
of right whales to optimally forage requires them to
locate prey patches of adequate size and caloric
value and efficiently consume the prey.

As migratory species, right whales utilize various
foraging habitats in the western North Atlantic such
as Cape Cod Bay, Great South Channel, Roseway
Basin and the Bay of Fundy. Movements of whales
among these habitats appear to coincide with sea-
sonal cycles in the quantities and energetic qualities
of calanoid copepods in the Gulf of Maine (particu-
larly Calanus finmarchicus) (Baumgartner et al.
2003a). Most whales typically begin foraging in Cape
Cod Bay on Centropages typicus and Pseudocalanus
spp., which are dominant but not energetically rich
(DeLorenzo Costa et al. 2006a). Maximum abun-
dance of right whales in Cape Cod Bay coincides
with the emergence of the more energy-rich prey
species—C. finmarchicus (typically early stages)
(Jiang et al. 2007). In late spring and early summer,
whales feed in the Great South Channel on dense
aggregations of C. finmarchicus (Pendleton et al.
2009), then move northward at the start of the sum-
mer to the deep habitats such as Roseway Basin and
the Bay of Fundy to exploit diapausing CV copepods
(C. finmarchicus) that are high in lipids.

North Atlantic right whales that forage in the Bay of
Fundy may obtain higher energetic returns than those
that feed in Cape Cod Bay because of the higher qual-
ity of prey rather than the sheer quantity. Despite con-
siderably lower prey densities in the Bay of Fundy, the

energetic density of prey patches averaged ~2.6 times
more energy than in Cape Cod Bay. This higher ener-
getic density in the Bay of Fundy likely reflects the
dominance of lipid-rich CV Calanus finmarchicus
(Michaud & Taggart 2007) compared to various taxa
(e.g. Centropages typicus and Centropages hamatus)
and developmental stages of calanoid copepods with
differing levels of lipid content in Cape Cod Bay
(Mayo & Marx 1990, DeLorenzo Costa et al. 2006a).
Improved prey quality suggests that right whales can
more easily meet their predicted energy needs in the
Bay of Fundy. For example, adult males would require
~10 times as many Centropages typicus and ~6 times
as many Pseudocalanus spp. as C. finmarchicus to
meet their predicted energy needs (using average
values of copepod calories across all life-stages;
DeLorenzo Costa et al. 2006a). This suggests that for-
aging success is lower in Cape Cod Bay because indi-
viduals need to spend more time locating and con-
suming prey than in the Bay of Fundy. Consequently,
foraging success and thus habitat quality may be
more dependent upon prey quality (i.e. kJ organism™)
than prey quantity.

If foraging success is compromised in Cape Cod
Bay, North Atlantic right whales may exploit other
habitats to recoup their energetic losses. Cape Cod
Bay is a seasonally important winter foraging ground
for right whales and is likely the first foraging habitat
visited after fasting on the calving grounds (Watkins
& Schevill 1979, Schevill 1986, Hamilton & Mayo
1990, Mayo & Marx 1990, Kraus & Kenney 1991).
However, if individuals do not consume sufficient
energy to meet their daily needs, they may travel to
adjacent habitats where feeding conditions are bet-
ter (e.g. Massachusetts Bay, the ocean side of Cape
Cod, the Great South Channel) and may subsequently
re-enter Cape Cod Bay at a later date. For example,
~44% (n = 59) of the individual right whales that are
observed more than once in Cape Cod Bay have
been estimated to enter and leave the habitat 1 to 3
times in 2007 (Jaquet et al. 2007). Alternatively, indi-
viduals may be able to offset an energy deficit later in
the season while occupying habitats with energy rich
prey such as the Bay of Fundy, where most demo-
graphic groups appear capable of exceeding their
predicted immediate daily energy needs. Given these
scenarios, poor prey availability or quality, resulting
in daily energy imbalances in Cape Cod Bay, seems
unlikely to be sufficient to cause an overall deficit in
an individual's annual energy budget, but changes in
habitat quality outside of Cape Cod Bay could have
significant implications for North Atlantic right
whale health and reproduction.
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Nutritionally stressed?

Right whales that migrate northwards in the spring
may demonstrate signs of nutritional stress if they are
unable to recoup their energetic losses in Cape Cod
Bay or in other foraging habitats such as the Bay of
Fundy. Pronounced shifts in environmental conditions
thought to influence prey availability may reduce for-
aging opportunities and result in an energy imbalance
(Greene & Pershing 2004, Miller et al. 2011). Conse-
quently, individuals may further catabolize their fat
stores to supplement their daily needs (Miller et al.
2011). Lactating females are likely to show the greatest
decrease in blubber reserves because of the increased
time spent fasting on the calving grounds and the
high costs of lactation. Extensive catabolism would re-
sult in apparent emaciation of individuals (Pettis et
al. 2004) and lowered reproductive fitness such that
adult females may forgo pregnancy if a critical pro-
portion of their body fat is lost (Miller et al. 2011).

Without sufficient energy reserves, North Atlantic
right whales may experience periods of prolonged
anoestrus (Lockyer 1986) because blubber is a lipid-
rich energy store that is thought to support reproduc-
tive costs. For example, blubber is thickest in females
before pregnancy (3 to 6 mo), thinnest during lac-
tation, and thicker during recovery from lactation
(Miller et al. 2011). Therefore, the time between
pregnancies may be a function of the time needed to
restore their blubber, which may ultimately drive
calving intervals and birth rates.

Signs of compromised health have been observed
since the mid-to-late 1990s when North Atlantic right
whales appeared emaciated and exhibited various
forms of skin lesions in the Bay of Fundy (Pettis et al.
2004, Rolland et al. 2007a). Blubber thickness of
juveniles and adult males was significantly thinner in
1998 when abundance of prey (especially Calanus
finmarchicus) was low in the Gulf of Maine (Pershing
et al. 2005, Miller et al. 2011), and 52 % of the sam-
pled population (n = 439 whales sampled in total) had
white lesions on their bodies (Hamilton & Marx 2005,
Rolland et al. 2007a). These observed changes in
health coincided with a change in the North Atlantic
Oscillation (Greene et al. 2003, Rolland et al. 2007a)
that may have adversely affected the availability of
prey and nutritionally compromised the reproductive
success of the right whale population (Greene & Per-
shing 2004). In recent years, reproduction has ranged
from 1 to 39 calves born per year with a mean calving
interval, the time between individual birthing events,
that has oscillated between ~3 yr and over 5 yr (Kraus
et al. 2001, 2007, Waring et al. 2011).

Compared to the Southern Hemisphere species of
right whale Eubalaena australis, North Atlantic right
whales appear to be in poorer condition and have
lower reproductive success, suggesting that they are
indeed nutritionally stressed. For example, blubber
layers are significantly thinner in North Atlantic right
whales than in South African right whales, which are
presumed to have a more favorable nutritional
regime (Miller et al. 2011). Similarly, calving rates of
North Atlantic right whales are on average one-third
to one-half that of the southern populations (Kraus et
al. 2007, Browning et al. 2010), which also have a
lower and more stable calving interval of 3 yr (Best et
al. 2001, Burnell 2001, Cooke et al. 2001). Superior
foraging opportunities and decreased fasting times
(e.g. females forage on large, late-stage calanids
while nursing in Peninsula Valdes, Argentina; Hoff-
meyer et al. 2010) may account for the better condi-
tion and higher reproductive success of southern
right whales, while greater interannual variability in
quantities and qualities of prey may explain the
lower performance of North Atlantic right whales.

Lactating, and to a lesser extent pregnant, female
North Atlantic right whales may experience periods
of nutritional stress because of their elevated energy
needs. They are also likely to be more vulnerable to
fluctuations in prey abundance and need to allocate
more time per day to foraging than other demo-
graphic groups to meet their daily energy needs. The
models suggest that lactating females cannot obtain
enough energy to meet their predicted energy re-
quirements in either habitat unless they feed on prey
patches with higher energy densities than occur on
average. Pregnant and lactating right whales may
thus be living on the ‘edge’. All told, the bioenerget-
ics model in combination with field data on prey den-
sities and feeding behaviour suggest that the recov-
ery of right whales is tied to the nutritional and
physiological status of mature females. Along with
observations of thin right whales, this further sug-
gests that the slow recovery of North Atlantic right
whales may be attributable in part to nutritional stress.

Our findings provide insight into the significant
differences in quality and quantity of prey available
to right whales in their core feeding habitats, and
the potential that some demographic groups of right
whales in the North Atlantic Ocean are subjected
to nutritional stress. However, further quantitative
assessments of the nutritional status of right whales
will require the application of novel techniques to
measure the resting metabolic rate of different demo-
graphic groups of right whales and the costs of lacta-
tion. Furthermore, continuous sampling of prey over
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the course of the year is necessary to estimate annual
energetic consumption. Prey samples should also be
collected in the presence of recognizable individuals
(i.e. for animals of known age, sex and reproductive
state), and the quality of prey consumed should also
be frequently estimated to account for seasonal and
temporal changes in prey quality.

Acknowledgements. The identification data we used to esti-
mate the residency time of right whales on the calving
grounds are maintained by the New England Aquarium and
provided by the North Atlantic Right Whale Consortium. We
are grateful to all of the organizations that have contributed
to this database. We thank D. Osterberg and K. Stamieszkin
for their assistance in the collection of zooplankton samples
in Cape Cod Bay. We also appreciate the review and sug-
gestions provided by R. Shadwick, E. Taylor, O. Nichols, P.
Corkeron, and 3 anonymous reviewers—and thank R.
Ahrens, K. Banack, I. Barzelai, B. Battaile and R. Gu for their
modeling support, and B. Larson for contributing right
whale baleen filtration estimates. An NSERC Discovery
Grant awarded to A W.T. and the Ruth Hiebert Memorial
Fellowship awarded to S.M.E.F. supported this study in part.

LITERATURE CITED

Baumgartner MF, Mate BR (2003) Summertime foraging
ecology of North Atlantic right whales. Mar Ecol Prog
Ser 264:123-135

Baumgartner MF, Cole TVN, Campbell RG, Teegarden GJ,
Durbin EG (2003a) Associations between North Atlantic
right whales and their prey, Calanus finmarchicus, over
diel and tidal time scales. Mar Ecol Prog Ser 264:155-166

Baumgartner MF, Cole TVN, Clapham PJ, Mate BR (2003b)
North Atlantic right whale habitat in the lower Bay of
Fundy and on the SW Scotian Shelf during 1999-2001.
Mar Ecol Prog Ser 264:137-154

Beardsley RC, Epstein AW, Chen CS, Wishner KF, Macaulay
MC, Kenney RD (1996) Spatial variability in zooplankton
abundance near feeding right whales in the Great South
Channel. Deep-Sea Res 11 43:1601-1625

Berkson JM, Kline LL, Orth DJ (2002) (eds) Evolving
methodologies: from creation to application. Incorporat-
ing uncertainty into fishery models. American Fisheries
Society, Bethesda, MD

Best PB, Brandao A, Buttersworth DS (2001) Demographic
parameters of southern right whales off South Africa.
J Cetacean Res Manag Spec Issue 2:161-169

Blueweiss L, Fox H, Kudzma V, Nakashima D, Peters R,
Sams S (1978) Relationships between body size and some
life history parameters. Oecologia 37:257-272

Brody S (1945) Bioenergetics and growth. Hafner Press,
New York, NY

Brody S (1968) Bioenergetics and growth, revised 1945 edn.
Hafner Publishing, New York, NY

Browning CL, Rolland RM, Kraus SD (2010) Estimated calf
and perinatal mortality in western North Atlantic right
whales (Eubalaena glacialis). Mar Mamm Sci 26:648-662

Burnell SR (2001) Aspects of the reproductive biology,
movements and site fidelity of right whales off Australia.
J Cetacean Res Manag Spec Issue 2:89-102

[] Caswell H, Fujiwara M, Brault S (1999) Declining survival

probability threatens the North Atlantic right whale.
Proc Natl Acad Sci USA 96:3308-3313

] Chipps SR, Wahl DH (2008) Bioenergetics modeling in the

21st century: reviewing new insights and revisiting old
constraints. Trans Am Fish Soc 137:298-313

Cooke JG, Rowntree VJ, Payne RS (2001) Estimates of
demographic parameters for southern right whales (Eu-
balaena australis) observed off Peninsula Valdés, Argen-
tina. J Cetacean Res Manag Spec Issue 2:125-132

Costa DP, Williams TM (1999) Marine mammal energetics.
In: Reynolds JE III, Rommel SA (eds) Biology of marine
mammals. Smithsonian Institution Press, Washington, DC,
p 176-217

DeLorenzo Costa A, Durbin EG, Mayo CA (2006a) Variabil-
ity in the nutritional value of the major copepods in Cape
Cod Bay (Massachusetts, USA) with implications for
right whales. Mar Ecol 27:109-123

DeLorenzo Costa A, Durbin EG, Mayo CA, Lyman EG
(2006b) Environmental factors affecting zooplankton in
Cape Cod Bay: implications for right whale dynamics.
Mar Ecol Prog Ser 323:281-298

Doucette GJ, Cembella AD, Martin JL, Michaud J, Cole
TVN, Rolland RM (2006) Paralytic shellfish poisoning
(PSP) toxins in North Atlantic right whales Eubalaena
glacialis and their zooplankton prey in the Bay of Fundy,
Canada. Mar Ecol Prog Ser 306:303-313

Durbin EG, Campbell RG, Gilman SL, Durbin AG (1995)
Diel feeding behavior and ingestion rate in the copepod
Calanus finmarchicus in the southern Gulf of Maine dur-
ing late spring. Cont Shelf Res 15:539-570

Durbin EG, Teegarden GJ, Campbell RG, Cembella AD,
Baumgartner MF, Mate BR (2002) North Atlantic right
whales, Eubalaena glacialis, exposed to paralytic shell-
fish poisoning (PSP) toxins via a zooplankton vector,
Calanus finmarchicus. Harmful Algae 1:243-251

Firestone J, Lyons SB, Wang C, Corbett JJ (2008) Statistical
modeling of North Atlantic right whale migration along
the mid-Atlantic region of the eastern seaboard of the
United States. Biol Conserv 141:221-232

Fortune SME, Trites AW, Perryman WL, Moore MJ, Pettis
HM, Lynn MS (2012) Growth and rapid early develop-
ment of North Atlantic right whales (Eubalaena glacialis).
J Mammal 93:1342-1354

Fujiwara M, Caswell H (2001) Demography of the endan-
gered North Atlantic right whale. Nature 414:537-541

George JC (2009) Growth, morphology and energetics of
bowhead whales (Balaena mysticetus). PhD thesis, Uni-
versity of Alaska Fairbanks, AK

Godard CAJ, Wise SS, Kelly RS, Goodale B, Kraus S,
Romano T, O'Hara T, Wise JP Sr (2006) Benzo[a]pyrene
cytotoxicity in right whale (Eubalaena glacialis) skin,
testis and lung cell lines. Mar Environ Res 62:520-S24

Goodyear JD (1996) Significance of feeding habitats of
North Atlantic right whales based on studies of diel
behaviour, diving, food ingestion rates, and prey. PhD
thesis, Guelph University, Guelph

Greene CH, Pershing AJ (2000) The response of Calanus
finmarchicus populations to climate variability in the
Northwest Atlantic: basin-scale forcing associated with
the North Atlantic Oscillation. ICES J Mar Sci 57:
1536-1544

Greene CH, Pershing AJ (2004) Climate and the conserva-
tion biology of North Atlantic right whales: the right
whale at the wrong time? Front Ecol Environ 2:29-34



Fortune et al.: North Atlantic right whale energetics 271

Greene CH, Pershing AJ, Kenney RD, Jossi JW (2003) Im-
pact of climate variability on the recovery of endangered
North Atlantic right whales. Oceanography 16:98-103

Hamby DM (1994) A review of techniques for parameter
sensitivity analysis of environmental models. Environ
Monit Assess 32:135-154

Hamilton PK, Cooper LA (2010) Changes in North Atlantic
right whale (Eubalaena glacialis) cow—calf association
times and use of the calving ground: 1993-2005. Mar
Mamm Sci 26:896-916

Hamilton PK, Marx MK (2005) Skin lesions on North
Atlantic right whales: categories, prevalence and change
in occurrence in the 1990s. Dis Aquat Org 68:71-82

Hamilton PK, Mayo CA (1990) Population characteristics of
right whales (Eubalaena glacialis) observed in Cape Cod
and Massachusetts Bays, 1978-1986. Rep Int Whaling
Comm Spec Issue 12:203-208

Hamilton PK, Marx MK, Kraus SD (1995) Weaning in North
Atlantic right whales. Mar Mamm Sci 11:386-390

Hamilton PK, Knowlton AR, Marx MK, Kraus SD (1998) Age
structure and longevity in North Atlantic right whales
Eubalaena glacialis and their relation to reproduction.
Mar Ecol Prog Ser 171:285-292

Hansen S, Lavigne DM, Innes S (1995) Energy metabolism
and thermoregulation in juvenile harbor seals (Phoca
vitulina) in air. Physiol Zool 68:290-315

Hoffmeyer MS, Lindner MS, Carribero A, Fulco VK and
others (2010) Planktonic food and foraging of Eubalaena
australis, on Peninsula Valdés (Argentina) nursery
ground. Rev Biol Mar 45:131-139

Irving L, Fisher KC, McIntosh FC (1935) The water balance
of a marine mammal, the seal. J Cell Comp Physiol 6:
387-391

Jaquet N, Mayo CA, Osterberg D, Browning CL, Marx MK
(2007) Surveillance, monitoring and management of North
Atlantic right whales on Cape Cod Bay and adjacent
waters. Final report. Provincetown Center for Coastal
Studies, Provincetown, MA

Jiang M, Brown MW, Turner JT, Kenney RD, Mayo CA,
Zhang Z, Zhou M (2007) Springtime transport and reten-
tion of Calanus finmarchicus in Massachusetts and Cape
Cod Bays, USA, and implications for right whale forag-
ing. Mar Ecol Prog Ser 349:183-197

Kenney RD, Hyman MAM, Owen RE, Scott GP, Winn HE
(1986) Estimation of prey densities required by western
North Atlantic right whales. Mar Mamm Sci 2:1-13

Kenney RD, Mayo CA, Winn HE (2001) Migration and forag-
ing strategies at varying spatial scales in western North
Atlantic right whales: a review of hypotheses. J Cetacean
Res Manag Spec Issue 2:251-260

King JR, Murphy ME (1985) Periods of nutritional stress in
the annual cycles of endotherms: fact or fiction? Am Zool
25:955-964

Kleiber M (1975) The fire of life: an introduction to animal
energetics, 2nd edn. Robert E. Krieger, Huntington, NY

Knowlton AR, Kraus SD, Kenney RD (1994) Reproduction in
North Atlantic right whales (Eubalaena glacialis). Can J
Zool 72:1297-1305

Kraus SD, Kenney RD (1991) Information on right whales
(Eubalaena glacialis) in three proposed critical habitats
in United States waters of the western North Atlantic
Ocean. National Technical Information Services, Publi-
cation PB91-194431, Washington, DC

Kraus SD, Hamilton PK, Kenney RD, Knowlton AR, Slay CK
(2001) Reproductive parameters of the North Atlantic

right whale. J Cetacean Res Manag Spec Issue 2:
231-236

Kraus SD, Pace RM, Frasier TR (2007) High investment, low
return: the strange case of reproduction in Eubalaena
glacialis. In: Kraus SD, Rolland RM (eds) The urban
whale: North Atlantic right whales at the crossroads.
Harvard University Press, Cambridge, MA, p 172-199

Lockyer C (1976) Body weights of some species of large
whales. J Cons Int Explor Mer 36:259-273

Lockyer C (1981) Growth and energy budgets of large
baleen whales from the southern hemisphere. Mammals
in the seas, Vol 3: General papers and large cetaceans,
FAO Fisheries Series. FAO, Rome, p 379-487

Lockyer C (1984) Review of baleen whale (Mysticeti) repro-
duction and implications for management. Rep Int Whal
Comm Spec Issue 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 (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 condi-
tion 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, Oritsland NA (1994) The effect of
feeding on the metabolic rate in harbour seals (Phoca
vitulina). J Comp Physiol B 164:89-93

Mauchline J (1998) Chemical composition. In: Blaxter JHS,
Southwards AJ, Tyler PA (eds) The biology of calanoid
copepods. Advances in marine biology, Vol 33. Academic
Press, San Diego, CA, p 220-252

Mayo CA, Marx MK (1990) Surface foraging behaviour of
the North Atlantic right whale, Eubalaena glacialis, and
associated zooplankton characteristics. Can J Zool 68:
2214-2220

Mayo CA, Letcher BH, Scott S (2001) Zooplankton filtering
efficiency of the baleen of a North Atlantic right whale,
Eubalaena glacialis. J Cetacean Res Manag Spec Issue
2:225-229

Michaud J (2005) The prey field of the North Atlantic right
whale in the Bay of Fundy: spatial and temporal varia-
tion. PhD thesis, Dalhousie University, Halifax

Michaud J, Taggart CT (2007) Lipid and gross energy con-
tent of North Atlantic right whale food, Calanus fin-
marchicus, in the Bay of Fundy. Endang Species Res 3:
77-94

Miller CA, Reeb D, Best PB, Knowlton AR, Brown MW,
Moore MJ (2011) Blubber thickness in right whales
Eubalaena glacialis and Eubalaena australis related with
reproduction, life history status and prey abundance.
Mar Ecol Prog Ser 438:267-283

Noren DP (2011) Estimated field metabolic rates and prey
requirements of resident killer whales. Mar Mamm Sci
27:60-77

Nousek-McGregor AE (2010) The cost of locomotion in
North Atlantic right whales (Eubalaena glacialis). PhD
thesis, Duke University, Beaufort, NC

Parks SE, Warren JD, Stamieszkin K, Mayo CA, Wiley D
(2012) Dangerous dining: surface foraging of North
Atlantic right whales increases risk of vessel collisions.
Biol Lett 8:57-60

Pendleton DE, Pershing AJ, Brown MW, Mayo CA, Kenney



272 Mar Ecol Prog Ser 478: 253-272, 2013

RD, Record NR, Cole TVN (2009) Regional-scale mean
copepod concentration indicates relative abundance of
North Atlantic right whales. Mar Ecol Prog Ser 378:
211-225

Pershing AJ, Greene CH, Jossi JW, O'Brien L, Brodziak JKT,
Bailey BA (2005) Interdecadal variability in the Gulf of
Maine zooplankton community, with potential impacts
on fish recruitment. ICES J Mar Sci 32:1661-1674

Petersen JH, DeAngelis DL, Paukert CP (2008) An overview
of methods for developing bioenergetics and life history
models for rare and endangered species. Trans Am Fish
Soc 137:244-253

Pettis HM, Rolland RM, Hamilton PK, Brault S, Knowlton
AR, Kraus SD (2004) Visual health assessment of North
Atlantic right whales (Eubalaena glacialis) using photo-
graphs. Can J Zool 82:8-19

Reeves RR, Rolland R, Clapham PJ (2001) Causes of repro-
ductive failure in North Atlantic right whales: new
avenues for research. Report of a workshop held 26-28
April 2000, Falmouth, MA. Northeast Fish Sci Cent Ref
Doc 01-16. National Marine Fisheries Service, Woods
Hole, MA

North Atlantic Right Whale Consortium (2010) Identification
database. New England Aquarium, Boston, MA. Ac-
cessed Aug 01, 2010. www.narwc.org/

Rolland RM, Hamilton PK, Marx MK, Pettis HM, Angell CM,
Moore MJ (2007a) External perspectives on right whale
health. In: Kraus SD, Rolland RM (eds) The urban whale:
North Atlantic right whales at the crossroads. Harvard
University Press, Cambridge, MA, p 273-309

Rolland RM, Hunt KE, Doucette GJ, Rickard LG, Wasser SK
(2007b) The inner whale: hormones, biotoxins and para-
sites. In: Kraus SD, Rolland RM (eds) The urban whale:
North Atlantic right whales at the crossroads. Harvard
University Press, Cambridge, MA, p 232-272

Rosen DAS, Trites AW (1999) Metabolic effects of low-
energy diet on Steller sea lions, Eumetopias jubatus.
Physiol Biochem Zool 72:723-731

Ryg M, Oritsland NA (1991) Estimates of energy expendi-
ture and energy consumption of ringed seals (Phoca
hispida) throughout the year. Polar Res 10:595-602

Sergeant DE (1969) Feeding rates of cetacea. Fiskeridir Skr
Ser Havunders 15:246-258

Schevill WE (1986) Right whale nomenclature. Rep Int
Whaling Comm Spec Issue 10:1-19

Schmidt-Nielsen K (1990) Animal physiology: adaptation
and environment, 4th edn. Cambridge University Press,
Cambridge

Scholander PF, Irving L, Grinnell SW (1942) On the temper-
ature and metabolism of the seal during diving. J Cell
Comp Physiol 19:67-78

Smith RR, Rumsey GL, Scott ML (1978) Heat increment

Editorial responsibility: Peter Corkeron,
Woods Hole, Massachusetts, USA

associated with dietary protein, fat, carbohydrate and
complete diets in salmonids: comparative energetic effi-
ciency. J Nutr 108:1025-1032

Swaim ZT, Westgate AJ, Koopman HN, Rolland RM, Kraus
SD (2009) Metabolism of ingested lipids by North
Atlantic right whales. Endang Species Res 6:259-271

Trites AW, Donnelly CP (2003) The decline of Steller sea
lions Eumetopias jubatus in Alaska: a review of the nutri-
tional stress hypothesis. Mammal Rev 33:3-28

Vikingsson GA (1997) Feeding of fin whales (Balaenoptera
physalus) off Iceland—diurnal and seasonal variation
and possible rates. J Northwest Atl Fish Sci 22:77-89

Waring GT, Josephson E, Maze-Foley K, Rosel PE (2011) US
Atlantic and Gulf of Mexico marine mammal stock
assessment—2010. NOAA Tech Memo NMFS-NE-219.
National Marine Fisheries Service, Woods Hole, MA,
p 219-598. Available at www.nefsc.noaa.gov/publica-
tions/tm/tm219/

Watkins WA, Schevill WE (1979) Aerial observation of feed-
ing behavior in four baleen whales: Eubalaena glacialis,
Balaenoptera borealis, Megaptera novaeangliae, and
Balaenoptera physalus. J Mammal 60:155-163

Weisbrod AV, Shea D, Moore MJ, Stegeman JJ (2000)
Organochlorine exposure and bioaccumulation in the
endangered Northwest Atlantic right whale (Eubalaena
glacialis) population. Environ Toxicol Chem 19:654-666

Williams R, Krkosek M, Ashe E, Branch TA and others (2011)
Competing conservation objectives for predators and
prey: estimating killer whale prey requirements for Chi-
nook salmon. PLoS ONE 6:e26738

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

Wise JP, Wise SS, Kraus S, Shaffiey F and others (2008a)
Hexavalent chromium is cytotoxic and genotoxic to the
North Atlantic right whale (Eubalaena glacialis) lung
and testes fibroblasts. Mutat Res 650:30-38

Wise SS, Shaffiey F, Lacerte C, Payne R, Kerr L, Kraus S,
Wise JP (2008b) The effects of chromium on human,
sperm whale and North Atlantic right whale cells. Mar
Environ Res 66:68

Woodley TH, Brown MW, Kraus SD, Gaskin DE (1991)
Organochlorine levels in North Atlantic right whale
(Eubalaena glacialis) blubber. Arch Environ Contam
Toxicol 21:141-145

Worthy GAJ (1987) Metabolism and growth of young harp
and grey seals. Can J Zool 65:1377-1382

Worthy GAJ (1990) Nutritional energetics for marine mam-
mals. In: Dierauf LA (ed) CRC handbook of marine mam-
mal medicine: health, disease, and rehabilitation. CRC
Press, Boca Raton, FL, p 489-520

Submitted: April 16, 2012; Accepted: August 12, 2012
Proofs received from author(s): December 4, 2012



	cite2: 
	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 
	cite43: 
	cite44: 
	cite45: 
	cite46: 
	cite48: 
	cite49: 
	cite50: 
	cite52: 
	cite53: 
	cite54: 
	cite55: 
	cite56: 
	cite57: 
	cite58: 
	cite59: 
	cite60: 
	cite61: 
	cite62: 
	cite63: 
	cite64: 
	cite65: 
	cite66: 
	cite67: 
	cite68: 
	cite69: 


