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ABSTRACT

Eastern North Pacific gray whales (Eschrichtius robustus) rely on energy obtained from Arctic feeding grounds to complete their

15,000-20,000km annual round-trip migration between feeding and breeding areas. However, quantitative estimates of their

food requirements remain scarce. Using an age-structured bioenergetics model incorporating life cycle stages and migration

timings, we estimated daily energy needs across life stages. We found females need to supply nursing calves with 24-35L of milk
per day for 9-10 months. After weaning, juveniles require ~400kg per day of Arctic amphipods (~5.6% of body weight), while the
largest adults need a minimum of ~1000kg per day (~5.4%) during the 154-day summer foraging period. In contrast, pregnant

females need 1600-1900kg of prey per day (~9%-10%) to support fetal growth and store sufficient energy to produce milk while

fasting and traveling northbound after calving in Mexico. Upon returning to their Arctic feeding grounds, lactating females

require 1300-1600kg of prey per day (7.9%-8.6%) for another 3.6 months to support the high costs of milk production. These

estimates provide a quantitative framework for assessing how changes in Arctic prey availability can affect gray whale health,

fitness, reproductive success, and population trends.

1 | Introduction

Most Eastern North Pacific (ENP) gray whales (Eschrichtius
robustus) summer in polar regions where they forage inten-
sively to accumulate the energy reserves needed to sustain their
round-trip migration between the Arctic and breeding grounds
in Mexico while enduring months of fasting (Lemos et al. 2020;
Swartz et al. 2023). These capital breeding whales accumulate
blubber mass throughout the 4-5month feeding season to attain
peak body condition by the time they begin migrating southward.
However, body condition at the start of migration can differ con-
siderably between years (Lemos et al. 2020) due to differences
in foraging success or carry-over effects from past years of poor
foraging (Lockyer and Waters 1986; Harrison et al. 2011; Lemos
et al. 2020; Pirotta et al. 2024; Magallon Flores et al. 2024).
While some individuals may compensate for an unproductive

season by increasing food intake in the following year, multiple
consecutive years of consistently low prey availability or forag-
ing success can reduce individual fitness and threaten survival
during migration (New et al. 2013; Stewart et al. 2023, 2025).
Understanding the food requirements of different segments of
the population is thus needed to evaluate how changes in prey
availability or quality affect individual gray whales.

Average annual energy and food requirements of gray whales
have previously been estimated by combining respiration and
population estimates (Rice and Wolman 1971; Sumich 1983;
Thomson and Martin 1986; Highsmith and Coyle 1992).
However, these rough estimates of minimum energy require-
ments have been limited to adult whales within a 14-23mt
body size range and are not readily available for all sizes and
age classes of males and females. Monthly estimates of energy
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requirements of calves are available, but energy requirements of
adult females have been reported by life stage rather than spe-
cific age (Villegas-Amtmann et al. 2015, 2017).

Energy and food requirements differ among cohorts due to dif-
ferences in body size, reproductive status, migration timing, and
migration duration (Braithwaite et al. 2015; Fortune et al. 2020).
Assessing the food requirements of gray whales during the feed-
ing period therefore requires age and sex-specific estimates of
energy expenditure in combination with estimates of the por-
tion of year spent foraging vesrsus fasting and the timing of key
life history events. For example, pregnant females arrive in the
Arctic feeding grounds earlier compared to other whales, while
nursing mothers remain in the breeding lagoons in Mexico lon-
ger than others (Figure 1).

Bioenergetic models for all age, sex, and reproductive classes are
also useful to accurately predict the effects of changes in prey
availability and access on the health of individual whales and
the ultimate effect on population trajectories (Pirotta 2022).
For example, estimates of energy requirements can be used to
investigate the effects of climate change by analyzing relation-
ships between changes in climatic oscillations, observed prey
densities, body condition, and mortality rates in a given year,
particularly, for years when changes in body condition and mor-
tality rates are unusually high (Raverty et al. 2024; Christiansen
et al. 2021). Bioenergetic models have also been used to as-
sess the effect of disturbance on energy use, calf growth, and
reproductive success in species such as gray whales (Villegas-
Amtmann et al. 2015), humpback whales (Megaptera novae-
angliae; Braithwaite et al. 2015), and beaked whales (family
Ziphiidae; New et al. 2013).

We constructed an energy balance bioenergetics model to pre-
dict the age-specific minimum annual energy requirements

for male and female calves, juveniles, and adult gray whales,
as well as for pregnant and lactating females. Our model pre-
dicts the energy that individuals must consume during sum-
mer to fulfill their immediate energy requirements as well
as complete their subsequent annual 15,000-20,000km mi-
grations. It also explicitly incorporates the annual migration,
reproductive, and foraging cycles of the gray whales, specific
to each age cohort. The energy balance method of modeling
energy requirements that we use is simple and flexible enough
to adapt to other capital breeding migratory species of inter-
est, including rare, endangered species that may otherwise be
considered data deficient.

2 | Methods

We used an energy balance equation (reviewed by Pirotta 2022)
to calculate the gross amount of energy that different cohorts
of gray whales must consume during the summer feeding pe-
riod to fulfill their annual energy requirements, while account-
ing for prolonged fasting. Separate models were constructed for
males and females due to significant differences in growth rates
(Agbayani et al. 2020). Within each sex-specific model, we in-
corporated two submodels to account for significant differences
in growth rates. The first submodel (Phase 1 growth) described
the energy and food requirements of nursing calves (<0.8years
or 9.6 months), while a second submodel (Phase 2 growth) rep-
resented weaned juveniles (<8years), individual adults (male
and female; > 8years), and reproductive females (pregnant and
lactating, > 8years).

Using this framework, we calculated gross energy requirements
(GERs) based on costs associated with production, reproduction,
and activity (Section 2.1), while accounting for the energy lost
via digestive processes. We incorporated additional reproductive

PREGNANT

FIGURE1 | Gray whale life cycle, showing the approximate times of year for different stages in the migration pattern over 2years. (A) Migration

for males and nonreproductive females, including weaned juveniles. (B) Approximate 2-yearcycle for pregnant and lactating females, including

nursing calves. These charts highlight the differences in migration timing between the mother/calf pairs and other whales. Estimates and associated

sources for number of days in each life stage are listed in Table S1. Adapted from Villegas-Amtmann et al. (2015).
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costs for pregnant and lactating whales (Section 2.1.2). We then
determined the biomass of prey that would need to be consumed
to meet the energy required by dividing the calculated GER by
the mean energetic densities of gray whale prey available in the
Arctic feeding grounds of the Bering and Chukchi Seas.

We incorporated uncertainty into all model estimates wherever
possible by generating 10,000 Monte Carlo bootstrap estimates
of model parameters from the distributions of possible values at
every step of the analysis (details in Table 1). Additionally, we
assessed the sensitivity of the model to the individual inputs by
similarly running a series of Monte Carlo simulations in which
single variables were varied and then compared the resulting
range of uncertainty from each scenario to that in which all
variables were varied.

2.1 | Modeling GERs

We used a simple energy balance equation to model GERs similar
to that used to estimate the bioenergetic requirements for Steller
sea lions (Eumetopias jubatus; Winship et al. 2002), Pacific
white-sided dolphins (Lagenorhynchus obliquidens; Rechsteiner
et al. 2013b), and North Atlantic right whales (Eubalaena glacia-
lis; Fortune et al. 2013). Our model accounts for energy devoted
to production (developmental growth), reproduction (milk, ges-
tation), activity (energy required at rest and across all other activ-
ity states), and ingested food energy lost via digestion (fecal and
urinary energy loss). The heat increment of feeding (Beamish
and Trippel 1990), usually modeled separately as a segment of
digestive losses, was assumed to be accounted for in metabolic
rates calculated from respiration rates (Section 2.1.3).

The values used for each model parameter are shown in Table 1.
GERs for all animals except reproductive females were calcu-
lated as:

P+E
oR= ()

F+U

@®

where GER is gross energy requirement by sex, age, and repro-
ductive class, P is production costs, and Eg +u I8 digestive ef-
ficiency (accounting for fecal and urinary loss). E; is the total
energetic expenditure across all activity states. E, was estimated
from field measurements of respiration rates and activity time
budgets and is assumed to include the metabolic costs of resting
metabolism, any additional costs of activity, and the heat incre-
ment of feeding.

For pregnant and lactating females, we modified the base GER

equation (Equation 1) to include the total cost of gestation (Cpre g)
and lactation (C,, ,) as follows:
P+ ES +C, e
GERpyo, = <—Pg> 2)
e Ep,u
P+E +C,
GERLact = <s—ldCt > (3)
Epu
The methods used to calculate Cpreg and C,, are detailed in

Section 2.1.2.

2.1.1 | Calculating Production (Growth) Costs

We estimated the cost of growth, defined as the changes in body
mass from one year to the next but discounting any seasonal
changes that occur during a year. This cost was calculated from
previously published mass-at-age estimates (Agbayani et al. 2020)
and body composition for each age group, such that:

P=AMX [(plip XEDlip) + (ppro ><EDpro)] (4)

where P is the cost of production or growth (MJyear™), AM is
the increase in mass (kgyear™), Dy 18 the proportion of new
body mass that is lipid, ED,; is the energetic density of lipid, Ppro
is the proportion of lean tissue that is protein, and ED,, is the
energetic density of protein. Energetic inefficiencies related to
cost of tissue growth and deposition have been reported for other
species (Adamczak et al. 2023), but estimates were not available
for marine mammals and therefore not considered in this model.
Further, many of these inefficiencies would be accounted for in
total metabolic rates. Values and sources used for each parame-
ter are summarized in Table 1.

2.1.2 | Calculating Reproductive Costs

We added the cost of pregnancy and lactation to the GER calcula-
tion for adult females to represent the additional energy require-
ments throughout a reproductive cycle (Figure 1). Specifically,
we included the cost of pregnancy by incorporating the energy
needed for gestation (fetal growth) and the cost of lactation by
calculating milk requirements needed by nursing calves. Milk
requirements were calculated by dividing calf energy require-
ments by the energetic density of gray whale milk. Increases
in metabolism associated with lactation were assumed to be
already incorporated into the estimated respiration rates that
reflect metabolic expenditure.

Initially, we calculated the cost of pregnancy (C as:

preg)

Cpreg = Hy + Prp )

where H, is the heat increment of gestation in MJ, and P, is
the cost of growth to produce the newborn calf. P, was calcu-
lated assuming AM equaled M, while Eme and Eth values
were applied consistently across all ages (Equation 4). Although
fetal tissues for some cetaceans may contain less energy before
birth than after (van Aswegen et al. 2025a), specific EDpro and
ED;;, values for gray whale fetuses were unavailable at the time
of analysis. We estimated the heat increment of gestation (Hg)
using a mass-dependent relationship derived from calorimetry
and feeding studies on domestic livestock (Brody 1964; Villegas-
Amtmann et al. 2015, 2017):

H,=18.41xXM}} ©)

where the mass of the newborn calf (M_,) was calculated from
published growth models (Agbayani et al. 2020). H g accounts for
the energy required to maintain the pregnancy, including the
growth of the uterus and the fetus, and any other tissue growth
associated with pregnancy (Lockyer 2007).
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TABLE1 | Parametersand sources used to estimate gross energy requirements (GER).

Parameter Life stage Value Details (and sources)

Production costs (P)—Equation (4), used in Equation (1-3)

EDy;, All ages 39.7MJkg™! Energetic density of lipids (Lockyer 1984; Sumich 1986).
ED,, All ages 23.7MJkg™! Energetic density of proteins
(Lockyer 1984; Sumich 1986).
Prip All ages 0.33-0.39* Fraction of lipid mass in gray whale adults were
sampled from a uniform distribution (Sumich 1986).
Ppro Newborns 0.126 Fraction of protein mass for gray whale neonates
(Villegas-Amtmann et al. 2015, 2017).
Calves (up to 7months) 0.0972 Fraction of protein mass for gray whales at
7months (Villegas-Amtmann et al. 2015, 2017).
Calves older than 0.18 Fraction of muscle mass for gray whales (Villegas-
7 months up to adults Amtmann et al. 2015, 2017; Sumich 1986).
AM All ages See Table S22 Mean change in body mass per time step = SD calculated

from growth models by Agbayani et al. (2020).
Total energetic expenditure at different activity states (E)—Equation (10)

%0, Calves 10.5% % 3.0%* Percent of oxygen extracted with every breath,
based on direct measurement (n =66 expirations)
of gray whale calves 1-5months old (Sumich 2001;
Villegas-Amtmann et al. 2015, 2017).

Juveniles/single adults 11% +2.7%* Percent of oxygen extracted with every breath, based
on observations (n =136 expirations) of an older gray
whale calf from 1 to 10 months old (Sumich 2001;
Villegas-Amtmann et al. 2015, 2017). Measured values
for gray whales > 10 months were not available.

T, Calves, juveniles/ See Table S1 No. of days per activity stage, estimated
single adults, based on gray whale migration distances,
pregnant females, and travel speed, sighting information reported
lactating females in various field studies, cited in Table 2.
R Calves, juveniles/ See Table S1* Gray whale respiration rates (breaths per minute)
single adults for each activity state, by life stage as reported
Pregnant and in various field studies, cited in Table 2.

lactating females

Vi Calves See Table S7¢ Tidal volume (L) calculated for each age, estimated
Weaned juveniles monthly for gray whale calves, and yearly for weaned
and adults juveniles and adult gray whales (Sumich 1986).

Digestive efficiency—Equations (1-3)

E All ages 0.740-0.858% Conservative range based on fecal and urinary efficiency
of right whales (Swaim et al. 2009; Fortune et al. 2013);
values encompass the 0.8 fecal and urinary efficiency
estimated for gray whales (Thomson and Martin 1986).

Values were sampled from a uniform distribution.

F+U

Reproduction costs—Equations (5-9)

M., Newborns 983 +26.7kg? Mass of newborn + SD calculated from growth
models by Agbayani et al. (2020).
P Newborns 16,611 +715MJ? Production cost (+SD) from conception

to birth (Equation 5).

(Continues)
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TABLE1 | (Continued)
Parameter Life stage Value Details (and sources)
GER ¢ 6mo Nursing calves 179,722 =226 MJ? Gross energy requirement (£SD) of calves
from birth to weaning (Equation 7).
GER 1 r6mo Nursing calves 100,915 +130MJ? Gross energy requirement (+SD) of calves for first
6 months of lactation while mother is fasting in breeding
lagoons and during northward migration (Equation 8).

GER 3 6mo Nursing calves 78,808 +185MJ? Gross energy requirement (+SD) of calves in

last 3.6 months of lactation after mother begins

foraging in Arctic feeding grounds (Equation 9).
H Reproductive females 70,836+ 1.4MJ? Heat increment of gestation (Equation 6).

g
Food/milk requirements

ED 2.90+0.408 MJ kg™'2

prey

ED 22.33MJkg12

milk

Mean energetic density of benthic invertebrate prey
available in the Arctic foraging grounds (see Table S4).

Energetic density of gray whale milk, at 53% lipid
content. This value is an average of values reported
by Zenkovich (1938) and Tomilin (1946) as cited
by Lockyer (1984) (see Tables S5 and S6).

Note: The age and reproductive cohorts considered include newborns (Oyears), nursing calves (< 0.8 years), juveniles (weaned calves and animals < 8years), single
adults (>8years), and pregnant and lactating females (> 8years). Variation around the mean reported in SD, or estimates are provided as ranges of values.

aVariables incorporated into the uncertainty analysis.

The cost of lactation was calculated as:
Clact = GERcalf9.6m0 (7)

where GER 0 ¢, iS the energy required for lactation to support
a nursing calf from birth until weaning at 9.6 months (Agbayani
et al. 2020). However, these estimates were more appropriate for
income breeders because the model assumed that food could
be acquired continuously throughout the year and did not con-
sider the timing of lactating versus fasting during the reproduc-
tive cycle.

In order to adjust the model to the capital breeding gray whale,
we modeled the amount of energy a female is required to store
on the foraging grounds before migration and divided the costs
of supporting a dependent calf into two stages. Since the costs
associated with the first 6 months of lactation (Stage 1) must
come from stored energy reserves, we added this onto the “costs
of pregnancy,” whereas the costs associated with the remaining
3.6 months of milk production (Stage 2) are met while feeding in
the Arctic and are addressed in the “cost of lactation.”

Hence, we generated a second set of estimates for the cost
of pregnancy including the first 6 months of lactation
(c

preg+ 1act6m0):

Cpreg+1act6mo = Hg +Pyp + GER i6mo ®)

where H, is the heat increment of gestation in MJ, P, is the
cost of growth to produce the newborn calf, and GER .., 1S
the energy required for lactation to support a nursing calf in the
first 6 months of life. The production cost of newborns and the
GER of calves were based on average size estimates based on a
growth model (Agbayani et al. 2020). Research on southern right
whales (Eubalaena asutralis; Christiansen et al. 2018, 2022) and

humpback whales (van Aswegen et al. 2025b) shows calf body
sizes can be positively correlated with the body size of the mother,
arelationship which has not yet been established for gray whales.

The additional cost of lactation once the nursing mother and
calf arrive at the summer feeding grounds (C ) was calcu-
lated as:

lact3.6mo

Clact3.6m0 = GERcalf3.6m0 (9)

where GER ;... is the total energy required to support a nurs-
ing calf during the final 3.6 months of nursing until the calf
is weaned (7th to 10th month), assuming that calves are fully
weaned by ~9.6 months (Agbayani et al. 2020).

In addition to determining the energetic cost of providing milk to
the calf, we also calculated the volume of milk required. This was
done by dividing the mean daily energy requirements (GER 9 ¢mo
or GER s ¢mo) DY the mean energy density of gray whale milk
of 22.33MJkg~!—the average of 22.41MJkg~ (Zenkovich 1938)
and 22.26 MJkg~! (Tomilin 1946). See Tables S5 and S6 for further
details.

2.1.3 | Calculating Energetic Expenditure of Activity

To calculate the total energetic expenditure (E ) from activity for
a given life stage, we estimated the total daily cost of each ac-
tivity as a function of the activity-specific rate of energy expen-
diture and the time (days per year) spent in that activity. In this
context, “activity” is defined within broad activity states, such
as “in lagoon,” or “southbound post-weaning” movement (see
Tables S7 and S8). These age-specific activity states were partly
defined by existing data on respiration states, from which we
derived estimated activity-specific rates of energy expenditure

Marine Mammal Science, 2026
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from reported respiration rates. This conversion followed the
method proposed by Sumich (1986) and Villegas-Amtmann
et al. (2015, 2017):

E,=(0.02X %0, xR x V,) X T, (10)

where E_ is total energetic expenditure per life stage and activ-
ity state in MJ, 0.02 is the amount of heat produced in MJ L™!
of oxygen consumed (Kleiber 1961), %O, is the percent of oxy-
gen extracted with every breath (i.e., extraction efficiency; see
below), T is the number of days per year spent at each activity
and life stage, R is the respiration rate per day at each life stage
(see Table S1), and V, is the calculated tidal lung volume in liters
(see below) (Sumich 1986).

The %0, for calves was 10.5%+3.0% (£SD) based on direct
measurements (n=66 expirations) of calves 1-5months old.
In contrast, %0, for older juveniles and adults was assumed to
be 11%+2.7% based on 136 expirations of an older calf, aged
1-10months old (Sumich 2001; Villegas-Amtmann et al. 2015,
2017). Using values from an older calf to estimate %O, for adult
gray whales introduces uncertainty to the estimates, but no es-
timates of %0, were available for adult gray whales at the time
of analysis.

We estimated tidal volume (V,) using a formula adapted by
Sumich (1986) for gray whales:

V,=0.014x M4 [€8))

Mass-at-age estimates were derived from age-length-mass
growth models (Agbayani et al. 2020), and respiration rates were
calculated using 10,000 bootstrap samples drawn from lognor-
mally distributed field respiration rates as reported by others
(see Tables S7 and S8).

To calculate the annual costs of activity, we took the resulting
activity-specific metabolic rates and multiplied them by the
number of days spent in each activity (T). We estimated T of
calves, juveniles, adults, and reproductive females based on
migration distances, travel speed, and sighting information re-
ported in field studies (sources are listed in Table S1). We mod-
ified the T values using new estimates of age at weaning at
9.6 months derived from an analysis of body growth (Agbayani
et al. 2020) and field observations of mothers nursing calves in
the feeding grounds as late as September 25 (Sychenko 2011). T
is a rough estimate based on observations at approximate times
of year and is designed to add up to 365days. No uncertainty was
incorporated into T, because not enough information was avail-
able to determine how timing might shift between one activity
stage to another (i.e., which activity stages might be affected and
by how much).

2.2 | Calculating Daily Food Intake Requirements

Given that gray whales do not feed continuously throughout the
year, we determined the amount of energy they must consume
and store during the four summer months they feed in the Arctic
to meet their annual requirements. Specifically, we divided the
total GER for a full year by the number of days that gray whales

feed each year to determine the increased amount of food they
must consume during each day of feeding. For pregnant and
lactating females, we calculated the average daily GER over the
reproductive cycle, which is just under 2years (Figure 1). These
calculations also accounted for differences in the time spent by
different sex/reproductive classes on the feeding or breeding
grounds.

2.3 | Considering Digestive Efficiency

Direct measurements of digestive efficiency (Ey_ ;) values for
gray whales were not available. We therefore used digestive ef-
ficiency estimates for North Atlantic right whales to arrive at
an estimate for gray whales that primarily consume lipid-rich
Arctic amphipods dominated by triacylglycerols with little to no
wax ester content (Lee 1975; Legezynska et al. 2012). We con-
servatively estimated gray whales to have a digestive efficiency
of 74%-88% based on the estimated digestive efficiency of North
Atlantic right whales when consuming amphipods (Swaim
et al. 2009; Fortune et al. 2013). These estimates encompass the
capture and digestive efficiency of 80% proposed by Thomson
and Martin (1986) for gray whales. We also assumed that uri-
nary loss is proportional to the nitrogen content of the prey,
that is, ~90% of the nitrogen content of organisms consumed
(Worthy 1990).

2.4 | Calculating Food Requirements

Energy requirements can, in theory, be simply converted to food
requirements by dividing it by the energy density of their prey.
The caloric content of gray whale prey varies by species and sea-
son (Highsmith and Coyle 1990), but gray whales forage on as-
semblages of prey rather than on a single species (Nerini 1984).
Evidence suggests that gray whale foraging strategies differ by
age (such as younger whales not feeding in deeper waters; Bird
et al. 2024), which could influence access to prey depending on
age and foraging habitat. However, there do not appear to be di-
etary differences between males and females, or between older
and younger whales (Budnikova and Blokhin 2012). We there-
fore used the mean energetic density of benthic Arctic amphi-
pods consumed by gray whales to calculate their minimum food
requirements during the foraging season (see Table S4). We then
calculated prey requirements for adults and weaned juveniles by
dividing the estimated mean daily energy requirements during
the foraging period by a mean energetic density value for benthic
amphipods in the Arctic feeding grounds. These were calculated
from reported values of dry weight caloric densities (as reported
in various studies; see Table S4), as well as from the ratio of dry
to wet weights.

2.5 | Assessing Model Uncertainty and Sensitivity

We assessed model uncertainty and sensitivity using a series of
model runs that determined the contribution of input parame-
ters to variation in the overall model output. The uncertainty
analysis was designed to provide confidence limits around our
point estimates of energy and food requirements for each age in
each of our models. For this analysis, we simultaneously varied

6of 17
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model inputs within their assumed distribution (identified in
Table 1) and used 10,000 Monte Carlo simulations to calculate
the standard deviation around the mean GER. We assumed that
most of the parameters had normal sampling distributions, ex-
cept where otherwise identified in the literature or where only
minimum and maximum values were available, in which case
we assumed a uniform distribution.

We then ran a series of sensitivity analyses to identify which pa-
rameter (or sets of parameters) contributed the widest range of
uncertainty to the overall model results. We ran the models for
each life stage under different scenarios, varying one parameter
at a time while the other parameters were held constant at nom-
inal values (i.e., their mean values). Again, to quantify variation
in the GER outputs, we calculated the standard deviation around
the mean GER for 10,000 Monte Carlo simulations per scenario.

We ran three scenarios for both growth phases of the GER
models for all whales by varying either (i) production cost
(P), (ii) total energetic expenditure (E ), or (iii) digestive ef-
ficiency (Ep ). Variation in P and E; was implemented by
incorporating the variation in their component parts (as per
Equations 4 and 10, respectively). For pregnant females, we
ran additional scenarios by similarly varying one at a time:
(i) the heat increment of gestation (H, g), (ii) the production
cost of an average newborn (P, ), and (iii) the cost of preg-
nancy (C,,,,) or cost of pregnancy including calf from birth to
6months of age (Cpreg +ealfemo)- FOT lactating females, we ran
an additional scenario varying the cost of lactation for birth to
weaning (C, .4 ¢mo) OF for the last 3.6 months of nursing while
the mother foraged (C\, 5 ¢mo)-

As expected, exploratory analyses showed that a large por-
tion of the uncertainty in our estimates of GER was associated
with the energetic costs of activity (E,). We therefore ran an-
other set of scenarios to determine which specific component
variables contributed the greatest uncertainty in E_. For all
life stages (Phase 1 growth, Phase 2 growth, pregnant, and
lactating), we ran four scenarios, whereby (i) all variables
were varied, (ii) only tidal volume (V,) was varied, (iii) only
respiration rates (R) were varied, and (iv) only percentage of
oxygen assimilated (%0,) was varied. This allowed us to com-
pare the GER estimates between life stages, as well as identify
parameters that contributed the highest levels of uncertainty
in the model. This method also facilitated validating the GER
estimates for each life stage by assessing the consistency in
GER estimates across uncertainty scenarios.

3 | Results
3.1 | Growth Rates and Production Costs

Gray whales grow fastest in their first year of life while con-
suming energy-rich milk, gaining an average of 515+11kg
in the first month, with the highest growth spurt of approxi-
mately 577 +18kg (AM = SD) occurring in the 3rd month (see
Table S2). Associated production costs (P) are 8725 %396 MJ
during the first month, with a peak of 9568 £491 MJ in the
third month (Figure 2A). Production costs for females drop
abruptly after the 9th month, down to 2233 £119MJ for the
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FIGURE2 | (A)Production cost per day and mass growth curves for
gray whale calves. (B) Production cost per day and mass growth curves
for juveniles and adult gray whales. Average production cost (MJ) per
day on the primary axis, represented as a dotted line, and total mass
(kg) shown on the secondary axis, as modeled by Agbayani et al. (2020)
represented as a dashed line. Gray shading represents the standard de-
viation (£SD) around the mean from 10,000 Monte Carlo estimates.

11th month and 2308 + 127 MJ for the 12th month, indicating
that their calves are weaned by this time (Figure 2B). This
drop in production cost coincides with a decrease in growth
rates at 0.8years (~9.6months) as reported by Agbayani
et al. (2020).

Over the first year of growth, gray whale calves gain
5089 +£178kg of mass, which translates into mean production
costs of 84,496 + 4573 MJ (Figure 2B, Table S3). Growth rates de-
crease with increasing age, dropping to an average annual mass
increase of 777 +3kg (P=13,094+535MJyear~!; P represents
Production cost) once they reach sexual maturity at 9years old
(Figure 2B, Table S3). Growth rates and production costs then
continue to decrease as they reach asymptotic sizes as mature
adults (e.g., mass ~20,000 + 230kg at ~30years). Production cost
values for pregnant and lactating females are identical to non-
reproductive adults.

3.2 | Total Energetic Expenditure Across
Activity Stages

Our estimates of total energetic expenditure across all activ-
ity stages (E ) fluctuated monthly in the first year, depending
on the respiration rates associated with each activity stage
(see Table S7). During the 6th month, as the mother-calf
pairs arrive at the northern feeding grounds in the Arctic
(Figure 1), calves transition from traveling northbound with
their mother to nursing in the foraging grounds, expending
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an average of 140+40 to 170+42MJday . The daily energy
expenditure of calves peaks in the 10th month (ranging from
405498 to 434+105MJday!; see Table S7) as they reach
the end of their weaning period, transitioning from nursing
to independent feeding (Figure 3). As calves begin their solo
southward migration in the 11th month, their daily energy ex-
penditures begin to decline. Overall, calves expend an average
of 75,334+12,574MJ in their first year, increasing every year
until individuals approaching sexual maturity at ~8years ex-
pend 276,151 +44,701 MJ per year (weaned juveniles and adults
are assumed to follow similar migratory timings; Figure 3).
Pregnant females (~8years old) expend 358,806 + 61,389 MJ over
396days of pregnancy (906=+155MJday~!), whereas lactating
females expend 276,036 +42,448 MJ over the span of 365days
(756 £116 MJday™"). The lower E rates in lactating females
were primarily due to a shorter foraging period (119 days) with
lower respiration rates (1.04+0.2breathsmin=') compared to
that of pregnant females (153 days of foraging at respiration rates
of 1.34+0.1breaths min~) and juveniles/adults (154 days of for-
aging at respiration rates of 1.04 +0.2breaths min=!) (Table S1).

3.3 | Predicted Energy Requirements for Calves

The predicted GERs for calves (Figure 4A, Table S9) followed the
same general trend as total energetic expenditure (E,) (Figure 3).
It peaked around the 9th month (at 777 +103MJday~!) and had
the highest standard deviation around GER in the 10th month
(where GER=673+140MJday!) as calf growth rates tran-
sitioned from Phase 1 growth to Phase 2 growth (Agbayani
et al. 2020). The equivalent milk requirements for calves range
from 24 +3L day~! in the first month to 35+ 5L of milk day~! at
the peak of nursing in the 9th month (Figure 4B). Young gray
whales weaning in their 10th and 11th months would need
to consume 146+29kg of Arctic benthic amphipods per day
(2.4% £0.40% body weight) in the 11th month and 149 £29kg
of benthic prey per day (2.4%=+0.41% body weight) in the 12th
month to meet their energy requirements.

A Calf B

Juvenile/Adult

3.4 | Predicted Energy Requirements for Weaned
Juveniles and Adult Gray Whales

Estimates of GER to complete an annual migration range
from 525+58MJday! for typical weaned juveniles in the
second year to approximately 1313+157MJday! for single
adults (Figure 5A, Table S10). However, assuming gray whales
only feed in the summer foraging season, typical weaned ju-
veniles in the second year would need to consume between
1244 +137MJday!, while the largest adults would need to con-
sume 3112+371MJday! to meet their annual requirements.

Pregnant and lactating females have the greatest energetic needs
compared to other adult whales (Figure 5A). If each stage is con-
sidered only within a single year, GERs are higher for lactating
than for pregnant whales, as expected for a mammal. However,
if fasting during migration and at the breeding grounds is con-
sidered, the GER for pregnant females is higher than that for lac-
tating females during the foraging season because the mothers
need to store enough energy to accommodate both the growth of
the fetus and the future cost of lactation while fasting.

Annual GER for pregnant females ranges from 1461+152
to 1805+205MJday~! (depending on age), and lactating fe-
males require 1957+145 to 2305+182MJday! (Figure 5A,
Tables S11 and S12). However, when the timing of fasting is
considered, the annual GER required to support both pregnancy
and the first 6months of lactation ranges from 1780+158 to
2124 +211MJday™, reflecting the high energy cost of produc-
ing milk while not feeding (Figure 5A, Table S13). Once feed-
ing resumes in the final 3.6 months of lactation, the annual
GER decreases to between 1525+135 and 1873 +172MJday!
(Figure 5A, Table S14). Thus, pregnant gray whales foraging only
during summer would need to consume between 4607 +408
and 5497+ 545MJday~! to support the first 6 months of lacta-
tion while fasting and would consume slightly less (3755 + 333 to
4611 +424MJday™") to support lactation for the last 3.6 months
once back in the Arctic.

Pregnant Lactating
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FIGURE3 | (A)Estimates of average daily energetic expenditure (E,) in MJday~' for gray whale calves per month. (B) Estimates of average daily
energetic expenditure (E) in MJ dayfor juveniles (1-7years) and single adults (> 8years), pregnant, and lactating females per year. Values are plot-
ted at the midpoint of each month. Error bars show the standard deviation around the mean of 10,000 Monte Carlo simulations. Note: E, values for
the 6th and 10th months represent energetic expenditures across two activity stages (see Table S7).

8of 17

Marine Mammal Science, 2026



1000+

800 | + \ ) \
600- + |
400- | | + *

200+

GER (MJ day ™)

0_

0 1 2 3 4 5 6 7 8 9
Age (months)

10 11 12

vy)

45+ £300
__ 40+ M
T as -250c8l
> 4
3 \ pe
= 30 + -200.8
- =
c 254 * @
gzo * * * * * + 1150 3
g 201 2
.5 ’Ui
rj§15- 1100 &
< 101 8
s 50 .
51 v
0 L0
012 3 4567 89 10 11 12

Age (months)

FIGURE4 | (A) Daily average gross energy requirements (GER) for calves in the first year in MJday~'. (B) Average daily milk and food require-
ments for calves for each month in their first year. The left panel represents milk requirements (L day?) for calves up to 9 months (left panel), and
the right panel represents food requirements (kg of benthic invertebrate prey day—) for weaned calves over 9 months. All values are plotted at the
midpoint of each month. Error bars show the standard deviation around the mean of 10,000 Monte Carlo simulations.

Food requirements for gray whales plateau as they attain as-
ymptotic body lengths. Weaned juveniles require 428 +43kg
of Arctic amphipods day~! during their second foraging sea-
son, corresponding to 5.58%+0.492% of their body weight
(Figure 5B,C, Table S10), increasing to 1072+ 118 kg preyday~!
(5.34% £ 0.555% of body weight) for fully grown adults weigh-
ing 20,044kg, as estimated using the gray whale body growth
model (Agbayani et al. 2020). Foraging pregnant females re-
quire between 1304+137kgday! of prey (8.22%+0.795% of
body weight) for 8-year-old whales (Figure 5B,C, Table S11) and
1611 +185kgday~! (7.66% =+ 0.824% of body weight) for the larg-
est pregnant whales weighing 21,008 + 231 kg (i.e., the sum of the
asymptotic female mass and 40% of an average newborn calf).
Lactating whales nursing their calves from birth to weaning at
9.6 months require 1662+ 126kgday~! of prey (11.06% +0.752%
of body weight) for 8-year-old whales and 1957 +157kgday™*
(9.76% £ 0.720% of body weight) for the largest nursing mothers
(Figure 5B,C, Table S12).

When the timing of fasting is taken into account, the food re-
quired by pregnant whales is higher, ranging from 1589 + 143kg
of Arctic amphipods day~' (10.02%=+0.823% of body weight)
for 8-year-old whales to 1896+190kg (9.02%+0.842% of
body weight) for fully grown adults (Figure 5B,C, Table S13).
The strategy to store large amounts of energy during preg-
nancy leads to daily foraging needs of lactating females that
are slightly less than their pregnant counterparts, averaging
1295+ 116kg of prey day! (8.62% +0.703% of body weight) for
individuals 8years of age and up to 1590+ 148 kg of prey day~!
(7.93% £ 0.685% of body weight) for the oldest and largest whales
(Figure 5B,C, Table S14).

3.5 | Model Uncertainty and Sensitivity

The suite of scenarios exploring model uncertainty and sensitiv-
ity shows that the parameter contributing the highest range of
uncertainty (£SD) to the GERs was total energetic expenditure

(E; Figure S2), and that the variable contributing the highest
range of uncertainty within the E calculations was percentage
of oxygen absorbed (%0,; Figure S3). The pattern holds for all
other life stages, even when additional parameters were exam-
ined for the pregnant and lactating stages. The high range of
uncertainty from %0, was a function of the high value of the
standard deviation relative to the mean values (10.5% =+ 3.0% for
calves and 11% =+ 2.7% for juveniles/adults; Table 1). In addition,
these values were derived from young whales only, as no esti-
mates of %0, were available for adult gray whales at the time of
analysis. Across all life stages, foraging accounted for the high-
est proportion of total energetic expenditure because respiration
rates during foraging were substantially higher than during any
other activity stage (Figures S4 and S5). Our tidal volume (V) es-
timates were scaled to body mass using the relationship derived
by Sumich (1986), who updated it with additional data (Sumich
et al. 2024, 2025). Sensitivity testing showed that the revised V,
model produces tidal volume estimates within the range of those
applied in our analysis (see Figure S1).

4 | Discussion

Our bioenergetics model provides estimates of the minimum en-
ergy requirements needed by gray whales to meet their daily needs
while foraging, fasting, and completing an annual migration. The
model is simple and flexible because it is based on an energy bal-
ance equation and can therefore be adapted and parametrized to
other populations of gray whales or other species of interest, in-
cluding rare or endangered species that may otherwise be consid-
ered data deficient. Model assumptions, limitations, and sources
of uncertainty are broadly related to the restricted feeding season
of the gray whales, the data available for parameterizing activity
costs, and the nuances around parametrization for pregnancy and
lactation. Monte Carlo simulations allowed uncertainty to be in-
corporated into the model estimates. The results presented here
are based on a suite of models, not on direct estimates of energy
expenditure or changes in energy stores.
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Our model produced consistent results across all uncertainty
scenarios and predicted energy requirements comparable
to previously published estimates (Rice and Wolman 1971;

Sumich 1983; Thomson and Martin 1986; Highsmith and
Coyle 1992). It should be noted that our estimates are conser-
vative, in that they represent the minimum energy and food

A Juvenile/Adult Pregnant only L?tigtg'tiangq t(fE)ISr)th Pi%[; E?iq)t(r?v:sith Laec’:.tgtmtghg?st
6,000
__ 50007 W %% %%% W
§ 4,000+ Foraging Season # Jf#
< 3,000 %W
L g it
© 2,000- ¢++++ | e i —
1,0007 ¢ o+,++*+++m+m+,ijr:1+r+1+:al
0 10 20 300 10 20 300 10 20 300 10 20 300 10 20 30
Age (years)
B Juvenile/Adult Pregnant only Lfgtg_tén% t('?lsr)th P;?E:Z E%ir:;sith Laé:-tgtimntghg)ast
2200
‘_'_§~ fgg(o) MH IIIH“HH“HMHM WHHH H“HH\
z i e | i
ol it
S 8007 ++++
g e00q f
T 4004+
£ 2001
06 10 20 300 10 20 300 10 20 300 10 20 300 10 20 30

Age (years)

-l
i |
| = =
W

10 of 17

Marine Mammal Science, 2026



FIGURES5 | (A)Daily gross energy requirements (GER) for gray whales over an annual period (black circles) and during the foraging season when
energy is obtained only during summer and stored for later use (white circles). (B) Average daily food requirements (kgday™) of benthic invertebrate
prey for pregnant females, lactating females, and others (juveniles and other adult gray whales) during foraging season. (C) Average percentage of
body weight consumed per day during the foraging season for juveniles and other adults, pregnant females, and lactating females. Note that the y-axis
does not always start at 0. Panels from left to right represent juveniles (1-7years) and single adults (> 8 years), pregnant whales including cost of ges-
tation for the duration of the pregnancy, lactating whales for the duration of nursing from birth to weaning at 9.6 months (per Agbayani et al. 2020),
pregnant whales for the duration of the pregnancy and the first 6 months of lactation while fasting, and lactating whales in the last 3.6 months of
lactation while foraging in the Arctic feeding grounds. To calculate daily GER on an annual basis for juveniles and single adults the GER was as-
sumed to be borne over 365days and for the foraging season it was assumed to be ~154days. For pregnant females, the annual GER was calculated
over ~396days and foraging season was assumed to be ~153 days. For lactating females, the annual GER was calculated over 293 days and foraging
season was assumed to be ~119days. Values are plotted at the midpoint of each year. Error bars show the standard deviation around the mean of

10,000 Monte Carlo simulations.

TABLE 2 | Comparisons of estimates for energetic requirements.

Reported Standardized
Whale energy to 19.6
weight requirement mt whale
Source (mt) (MJday™) (MJday™)
Rice and 14.0 1130 1548
Wolman (1971)
Sumich (1983) 13.6 1213 1548
Thomson and 23.0 1255 1088
Martin (1986)
Highsmith and 19.6 2176 2176
Coyle (1992)
Current study 19.6 1291 1291

Note: Values originally reported in kcalday~! have been converted to MJday~".

consumption needed for gray whales to complete their annual
cycle in the same energetic state in which they began. Our
model also quantifies energy requirements across each stage
of the gray whale life cycle, highlighting differences between
newborns, juveniles, non-reproductive adults, and pregnant
and lactating females.

4.1 | Daily Food Requirements Driven by
the Restricted Feeding Season

Our model assumed that gray whales feed solely in their
summer foraging grounds in the Arctic, and that they do
not feed along the migration route or during the winter in
the breeding lagoons. This is likely the case for most gray
whales in the ENP population, but there are notable excep-
tions. For example, gray whales from the subgroup known
as the Pacific Coastal Feeding Group (PCFG) have alternate
feeding grounds along the larger population's migration route
(Hildebrand et al. 2021; Barlow et al. 2024). This subgroup
follows a different migration timetable and tends to feed on a
different range of prey as they migrate compared to what the
ENP gray whale population normally consumes in the Arctic
(Dunham and Duffus 2001, 2002; Hildebrand et al. 2022).
While the total annual energy requirements of PCFG gray
whales are likely similar to those of the main ENP popula-
tion, our model could be parametrized specifically for PCFG

migration timings and prey species to better estimate their
daily food requirements.

Similar considerations would need to be made to parametrize
our model for the endangered western North Pacific (WNP)
gray whale population (Conant and Lohe 2023; Demchenko
et al. 2016; Villegas-Amtmann et al. 2017). The WNP gray
whales have distinct summer foraging grounds off the north-
east Sakhalin Island shelf in the Okhotsk Sea (Demchenko
et al. 2016; Sychenko 2011). However, the location of WNP
gray whale breeding grounds remains uncertain. They were
historically observed along the coast of south China (Villegas-
Amtmann et al. 2017; Weller et al. 2002), but some have been
observed in recent years traveling to the ENP gray whale
breeding grounds in Mexico (Conant and Lohe 2023; Weller
et al. 2012). WNP gray whales primarily consume Ampelisca
eschrichtii (Demchenko et al. 2016), a prey species similar to
the benthic amphipods consumed by ENP gray whales in the
Arctic.

PCFG gray whales feed on at least two prey species off the
coast of Oregon and Washington—Dungeness crab megalopae
and a mysid Neomysis rayii—that have a higher calorie content
compared to the ampeliscid amphipods Ampelisca macroceph-
ala that dominate the Arctic foraging grounds (Hildebrand
et al. 2021; Allyn et al. 2024). They have also been observed
feeding on fish (anchovy) in California (Webber et al. 2024).
This combination of higher-quality prey and foraging en route
may reduce the daily consumption rates for PCFG gray whales
compared to ENP gray whales that fast throughout the full mi-
gration to and from the Arctic. Our model can be used to explore
how the daily energy requirements of gray whales are affected
by such differences in migration distances, extended foraging
seasons, higher caloric content in prey species, lower prey den-
sities, and patchier prey distribution along the coast of North
America.

4.2 | Refining Activity Cost Estimates by Modeling
Total Energetic Expenditure

Many existing bioenergetic models for marine mammals use a
combination of activity time budgets and activity-specific rates
of energy expenditure to calculate total energy or food require-
ments (e.g., Winship et al. 2002; Fortune et al. 2013; Rechsteiner
et al. 2013b). These prior efforts modeled activity costs as a
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multiplier of resting metabolic rates measured in captive in-
dividuals (Rechsteiner et al. 2013a) or as a multiplier of basal
metabolic rates of terrestrial mammals using Kleiber's (1975)
allometric equation in the absence of actual measurements
(Winship et al. 2002; Fortune et al. 2013). Both approaches
make assumptions that introduce unknown levels of error into
the final estimations. In our model, we used observed rates of
respiration during different stages of the gray whale life cycle to
estimate rates of total energy expenditure (Sumich 1983, 1986;
Villegas-Amtmann et al. 2015, 2017) (Table 2). One of the ad-
vantages of this approach is that it allowed us to assume that
total energy expenditure modeled from respiration rates (i.e.,
E_ in our model) encompassed all maintenance costs, including
thermoregulation and the heat increment of feeding.

The method we used to estimate total energetic expenditure
from activity via respiration rates has been used for other spe-
cies, including minke whales (Balaenoptera acutorostrata;
Christiansen et al. 2014), killer whales (Orcinus orca; Roos
et al. 2016; McRae et al. 2024), and common bottlenose dolphins
(Tursiops truncatus; Yazdi et al. 1999). However, estimating en-
ergy expenditure as a function of respiration rates assumes that
the vital capacity of cetaceans is high (~80%-90% of total lung
capacity) and that tidal volume (V}) and the oxygen exchange
fraction (AO,) are constant over time, which is not necessarily
valid (Fahlman et al. 2016). A respiration study in bottlenose
dolphins found substantial breath-by-breath variability across
behaviors and concluded that models using upper estimates
of V, and AO, may overestimate rates of oxygen consumption
(Fahlman et al. 2016). Our model did not incorporate breath-by-
breath variation; instead, the energy expenditure estimates used
were time-averaged means (Fahlman et al. 2016).

Recent studies have begun modeling tidal volume, oxygen con-
sumption, and field metabolic rates of calves at finer temporal
scales (Sumich and May 2009; Sumich 2021; Sumich et al. 2024).
In contrast, our analysis used respiration rates averaged across
monthly time scales for calves, and at annual time scales for
juveniles and adults, consistent with the approach used by
Villegas-Amtmann et al. (2015, 2017).

It is also important to note that the foraging respiration rates
available were derived from observations of gray whales feeding
in one area near Sakhalin Island in the WNP (Sychenko 2011),
and not from whales foraging in deeper, soft sediment foraging
habitats in the Bering and Chukchi seas of the Arctic. Differences
in the physical characteristics of foraging areas such as depths
and substrates influence gray whale foraging behavior and res-
piration rates. Collecting respiration data for gray whales across
all life stages and activity stages—spanning feeding grounds,
breeding lagoons, and migration routes—and incorporating a
more nuanced understanding of the physiological relationship
between respiration and energy expenditure would improve fu-
ture estimates of the energetic needs of gray whales.

Our sensitivity analysis shows that oxygen absorption (%0,)
contributed more to overall uncertainty in predicted food re-
quirements compared to any other parameter. The %0, values
we used for percent oxygen absorbed were measured in young
gray whales and applied uniformly across all ages. This param-
eter strongly affects total energetic expenditure (E,) because

oxygen uptake depends on both lung capacity and the duration
of each breath-hold (Sumich 1983; Fahlman et al. 2016).

Early investigations reported gray whales extract 10%-12% of
the oxygen in inspired air during breath holds lasting 20-25s,
and that breath-hold durations of 20-30s were most com-
monly observed (Sumich 1983), presumably because this du-
ration maximizes oxygen absorption. However, more recent
models of the gray whale ventilatory cycle suggest that oxygen
absorption is highly variable even when breath-hold durations
remain consistent (Sumich 2021). Studies on deep diving ma-
rine mammals such as bottlenose dolphins and Weddell seals
(Leptonychotes weddellii) show that extraction efficiency after
prolonged breath holds can be up to 80% (Ridgway et al. 1969;
Ponganis et al. 1993). This value may not be applicable for gray
whales that forage in relatively shallow areas. Their unique
foraging behavior suctioning benthic prey from soft sediment
and shallow rocky waters along the North American west
coast could directly affect oxygen extraction efficiency and the
length of breath-holds. Improving estimates of oxygen uptake
through further study of gray whale respiration patterns (e.g.,
Sumich 2021; Sumich et al. 2024) would help refine bioener-
getic models and increase confidence in the predictions of gray
whale energy requirements.

4.3 | Verifying Gray Whale Energy Requirements
and Associated Rates of Consumption

Past studies have estimated energy requirements using a va-
riety of methods for gray whales weighing 14-23mt (Rice
and Wolman 1971; Sumich 1983; Thomson and Martin 1986;
Highsmith and Coyle 1992). When standardized to a 19.6mt
whale, these different models yield energy requirement es-
timates ranging from 1088 to 2176 MJday~' (Table 2), which
encompasses our estimate of 1291+213MJday~!. However,
when the restricted feeding season is considered, our model pre-
dicts that whales feeding for 6.5months require a minimum of
2455+404MJday?, which is lower than the 3182MJday~" pre-
dicted by Highsmith and Coyle (1992) for 6 months of feeding.

Our estimates of daily prey intake (869+134kg) also fall
within the range of prior estimates of ~400 (Nerini 1984) to
1000-1200kgday~! (Zimushko and Lenskaya 1970; Rice and
Wolman 1971; Brodie 1975). Our daily intake estimates are
based on the average energetic density of prey available to gray
whales in the Arctic feeding grounds in the Chukchi and Bering
Seas. However, prey requirements ultimately depend on the prey
species that are most abundant in their chosen feeding areas.
For example, Ampeliscid amphipods dominate Arctic diets
(Coyle et al. 2007; Marx 2025), whereas the PCFG gray whales
consume a broader range of prey along their migration route.

Our estimates of energy and food requirements represent min-
imum amounts needed for individual gray whales to complete
their annual round-trip migration from the birthing lagoons in
Mexico to the Arctic feeding grounds in the Chukchi and Bering
Seas and back, while finishing the year in the same energetic
state in which they began. Actual food consumption may surpass
these minimum estimates when prey are abundant, as whales
are known to increase foraging rates when prey availability
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increases (van der Hoop et al. 2019; Dunham and Duffus 2001).
Such surplus intake can help offset previous energetic shortfalls
or build reserves to meet future challenges.

4.4 | Costs of Reproduction

Aswith allmammals, our model shows that energy requirements
differ substantially across ages and life stages. Most notable are
the significantly higher energetic requirements of pregnant and
nursing females compared to nonpregnant, nonlactating adult
females of similar age and size. Reproduction is the most energy-
intensive biological process a female whale undergoes, but the
magnitude of energy demand differs markedly across each stage
of the gray whale reproductive cycle. We quantified these costs
by dividing the reproductive cycle into two stages—pregnancy
and lactation—differentiated by both the type of reproductive
activity and the source of the energy supporting it.

Gestation in gray whales lasts about 13months, with the
full reproductive cycle taking just under 2years to complete
(Figure 1; Rice 1983; Villegas-Amtmann et al. 2015; Sumich
et al. 2024). Observed dates of birth for gray whale calves
range from January 5 to February 15 (Rice 1983). As capital
breeders, gray whales generally fast in winter and therefore
need to obtain most of the energy needed to survive the year
within a relatively short foraging season (Villegas-Amtmann
et al. 2017; Hildebrand et al. 2021; Roman et al. 2025). To esti-
mate the energy required for gray whales to survive an annual
migration, we assumed that adult and juvenile gray whales do
not generally feed during the northward migration, and that
lactating mothers would have limited opportunities to forage
while migrating with their nursing calf. We also assumed
that the energy required to support a nursing calf for the first
6 months needed to be acquired during pregnancy, and that
the energy required for the remaining 3 to 4 months of lacta-
tion would come from prey consumed on the Arctic feeding
grounds. We further assumed that the cost of milk production
from birth to weaning is equivalent to the sum of the energy
required for the calf to grow (production cost) and the total
energetic expenditure of calves at each activity stage. We also
assumed that the cost of milk production beyond these consid-
erations was negligible (Villegas-Amtmann et al. 2015).

Energetic costs for mammals to produce milk are generally
higher than the costs of pregnancy (Lockyer 2007; Rosen
and Worthy 2018). Energy expenditure of lactating whales in
breeding lagoons is higher than that of breeding females in
the lagoons (Villegas-Amtmann et al. 2015, 2017). Our model
corroborates this concept when we calculate the cost of preg-
nancy and lactation in the conventional way whereby the cost
of pregnancy includes the energy needs of the mother and
the cost of gestation, while the cost of lactation includes the
energy needs of the mother and the nursing calf, from birth
to weaning. Our model also showed that calculating the cost
of lactation in the conventional way yields the highest GER
compared to the other life stages. However, when the timing
of fasting and migration is considered, our model demon-
strates that gray whales must consume significantly more prey
during pregnancy compared to females nursing calves on the
foraging grounds (Figure 5) because pregnant females must

store sufficient energy to support (i) herself and her grow-
ing fetus during the southbound migration, (ii) parturition
(the process of giving birth) and nursing in the lagoons for
6 months, and (iii) daily maintenance and lactation during the
northbound migration (Rice and Wolman 1971). Maximizing
energy intake while pregnant on the Arctic feeding grounds
when food is abundantly available (Le Boeuf et al. 2000;
Villegas-Amtmann et al. 2015, 2017) reduces dependence on
environmental conditions at the time and place of calving, a
strategy characteristic of capital breeders that contrasts with
income breeders that feed throughout the reproductive cycle
(Stephens et al. 2014).

As in other mysticetes, gray whales fast or consume a minimal
amount of food while lactating (Oftedal 1997, 2000; Rosen and
Worthy 2018). Gray whales begin lactation in the breeding la-
goons in Mexico and continue lactating throughout the north-
bound migration when little, if any, feeding occurs (Perryman
and Lynn 2002; Villegas-Amtmann et al. 2015). The impor-
tance of stored reserves for meeting future energy demands is
evident in southbound pregnant females weighing 35% more
than whales that had recently ovulated or weaned a calf, most
of which is attributable to fat stores obtained in the Arctic (Rice
and Wolman 1971). Conversely, northbound gray whales passing
San Francisco weigh ~11%-29% less than southbound whales
traveling past the same area (Rice and Wolman 1971). Among
these whales, lactating females traveling north were observed
to have the narrowest girth to length ratios compared to other
cohorts (Perryman and Lynn 2002; Lemos et al. 2020). These
decreases in body condition underscore the high energetic costs
of lactation.

4.5 | Future Directions

The energy requirements derived from our model apply to the
ENP population of gray whales, but not to the PCFG which do
not travel as far north to feed. The PCFG have a different mi-
gration timeline and activity budget and also feed on other prey
species which differ from Arctic prey in terms of caloric con-
tent and patchiness (Hildebrand et al. 2021). Foraging respira-
tion rates and energy expenditure may differ between PCFG
and ENP whales because PCFG whales use unique foraging
tactics adapted to the coastal rocky foraging habitats along the
coasts of Oregon, Washington, and British Columbia (Torres
et al. 2018; Bird et al. 2024). In addition, PCFG whales tend to
be physically shorter and skinnier than ENP whales (Bierlich
et al. 2023; Torres et al. 2022). Applying our model to the PCFG
will require PCFG-specific migration timings, length-mass
models, respiration rates, and region-specific estimates of prey
energetic densities.

Prey availability in the Arctic feeding grounds is expected
to be altered by climate change (Brower et al. 2017; Conant
and Lohe 2023; Stewart et al. 2023). Even today, changes in
gray whale foraging behavior, such as shifts in foraging areas
and changes in targeted prey species, have been attributed to
changing environmental conditions (Moore et al. 2003, 2022;
Salvadeo et al. 2013). Models linking prey hotspots with an-
nual and seasonal environmental patterns to predict future
prey availability (Grebmeier et al. 2015; Moore et al. 2022;
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Joyce et al. 2023) can be combined with our model to eval-
uate how climate change may influence foraging and mi-
gration success. Our model can also be used to explore the
energetic impacts of disturbance, such as foraging disruptions
caused by whale watching or vessel noise (Villegas-Amtmann
et al. 2015, 2017; Sullivan and Torres 2018).

Our estimates of energy requirements incorporated respiration
rate data to better capture activity-related costs. Increasing
model complexity by adding parameters can help to better re-
flect reality if the data are robust and empirically informed,
but such added complexity may also render model results less
useful if the parameter estimates are based on limited or highly
uncertain data (Posada and Buckley 2004). It may therefore be
useful to compare our estimates of GERs derived from average
respiration rates with those obtained from other models using
time-cost activity budgets (e.g., Winship et al. 2002; Fortune
et al. 2013; Rechsteiner et al. 2013b) to evaluate the consistency
and robustness of our model outputs.

Finally, it should be noted that our simple bioenergetics model is
flexible and allows for continual refinement as new data emerges
on gray whale migration, behavior, diets, and physiology. Further
refinements can also result from additional sensitivity analyses
(i.e., by increasing or decreasing parameters incrementally by var-
ious percentages) to guide future data collection efforts and resolve
key uncertainties in model predictions. As such, our model con-
tributes to advancing the growing body of bioenergetic modeling
frameworks that link animal energetics to population resilience
and can also be used as a dynamic and flexible decision-support
tool for the conservation of gray whales and other capital breeding
migratory species facing mounting ecological and anthropogenic
pressures in a rapidly changing ocean.
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