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1.   INTRODUCTION 

Because of changing global conditions, wildlife 
populations are under increasing pressure from direct 
and indirect anthropogenic effects that influence 
 animal behavior on an individual basis. These behav-
ioral changes might alter an animal’s physiology and 
lifetime reproductive success, often with lasting 
 population-level effects (e.g. Pirotta et al. 2019). 
Thus, frameworks are needed for analyzing and pre-
dicting how animals respond to disturbance and 
changing environmental conditions and how those 

responses result in population changes for species of 
conservation and management concern. 

Population consequences of disturbance (PCoD) 
models (reviewed by Pirotta et al. 2018) provide a 
framework to link disturbance at the individual level to 
effects at the population level. Originally conceptual-
ized in the context of acoustic disturbance in  marine 
mammals (National Research Council 2005), this ap-
proach has been applied to a wide range of animal 
populations and has recently been adapted to include 
interactive effects of both disturbance and environ-
mental change (Pirotta et al. 2019). Bioenergetic 
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models are particularly useful in this framework because 
they can simulate individual movement and energy 
acquisition — and subsequent effects on body con-
dition, survival, and reproduction (e.g. New et al. 2013). 
The dynamic energy budget (DEB; De Roos et al. 2009) 
is one such model to simulate an animal’s daily body 
condition and lifetime reproductive  success by bal-
ancing energy gain (resource assimilation) and energy 
loss (metabolism, growth, fetal development, and lac-
tation). Hin et al. (2019) further integrated a DEB model 
for use in a PCoD framework for pilot whales Globiceph-
ala melas, introducing a powerful tool for simulating 
population consequences of disturbance and environ-
mental change in marine mammal populations. 

The Pacific walrus Odobenus rosmarus divergens is a 
large, tusked pinniped distributed across the Bering 
and Chukchi seas and coasts of Alaska and Russia. 
They are estimated to have a population of 171 000–
366 000 individuals (95% credible interval [CrI]; Beatty 
et al. 2022) and have been an important traditional 
subsistence resource for local indigenous communities 
for millennia (MacCracken 2012). Because the Pacific 
walrus is an arctic–subarctic specialist that depends 
on sea ice for its reproductive success (i.e. as a sub-
strate to give birth on and to rest on between foraging 
bouts; Fay 1982), concerns have been raised that its 
population may decline by the end of the 21st century 
(e.g. MacCracken et al. 2017). As the climate has 
warmed and sea ice has become less available for 
 female Pacific walruses and their calves to rest on in 
the Chukchi Sea in summer and autumn, they have 
 increasingly hauled out to rest on land (Fischbach et 
al. 2022), where they experience a greater risk of 
 disturbance-based mortality (Jay et al. 2012, Udevitz 
et al. 2013). Additionally, they spend less time foraging 
and resting when sea ice is not available because of the 
long distance between some land-based haulouts and 
productive foraging areas (Jay et al. 2017). As the re-
gion becomes increasingly ice-free, human presence, 
development, and impacts are also likely to increase 
(e.g. Lavelle 2013, Melia et al. 2016, Huntington et 
al. 2020). Indigenous knowledge (IK) holders (i.e. 
members of subsistence walrus hunting communities) 
have raised concerns about the impacts of increasing 
direct anthropogenic disturbance, such as oil and gas 
activities, ship and air traffic, and commercial fisheries, 
on the Pacific walrus population (MacCracken et al. 
2017; Table S1 in the Supplement at www.int-res.com/
articles/suppl/m740p193_supp.pdf). Although several 
of these factors have been addressed individually (e.g. 
Udevitz et al. 2013, 2017), there is a need for a compre-
hensive framework that can assess the overall impact 
of environmental change and disturbance. 

The primary objective of this study was to develop a 
framework for simulating the consequences of cli-
mate change and anthropogenic disturbance on the 
Pacific walrus population. We developed a DEB 
model (following Hin et al. 2019), applying walrus-
specific physiological parameters when available and 
relying on parameter values and assumptions from 
other marine mammals where walrus-specific data 
were unavailable. By incorporating sea ice projec-
tions in a PCoD framework, we predicted population-
level responses to an array of climate change and dis-
turbance scenarios. This tool should prove useful for 
evaluating conservation and management options for 
a species in a complex, dynamic system. 

2.  METHODS 

2.1.  Overview 

We developed a DEB model for the Pacific walrus 
based on a set of bioenergetic parameters that simu-
lates a female walrus’ energy balance and overall 
reproductive success (i.e. the number of female calves 
a female weans over the course of her lifetime). Our 
DEB model incorporates a spatial component, in con-
trast to the model presented by Hin et al. (2019), by 
including daily estimates of walrus movements and 
activity budgets (and associated energy expenditure) 
in response to sea ice cover. The baseline model (i.e. 
under contemporary sea ice conditions) was cali-
brated to match population-level estimates of repro-
ductive and age-specific survival rates from the most 
recent available data (Taylor et al. 2018). We devel-
oped a suite of combined climate and disturbance 
scenarios that incorporate sea ice projections from 
recent global climate models, varying degrees of 
anthropogenic disturbance, and mitigation of mortal-
ity at coastal haulouts as well as potential changes to 
prey density. After we calibrated the baseline DEB 
model, we applied each scenario in a PCoD frame-
work to predict the response of the Pacific walrus 
population to different potential conditions up to the 
middle and end of the 21st century. 

2.2.  DEB 

The DEB model (e.g. De Roos et al. 2009, Hin et al. 
2019) is a state-specific bioenergetic model that 
tracks the daily energy assimilation and expenditure 
of female marine mammals to ultimately estimate life-
time reproductive success. We developed a DEB 
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model that relies on parameter values from the Pacific 
walrus literature or, when these were unavailable, 
from the best available surrogate species, in some 
cases using derived values from Hin et al. (2019) 
(Table 1; for further details, see Text S1). 

Individual females are simulated beginning from 
weaning age (TCW = 2 yr) until they die, either from 
old age (TMAX = 44 yr) or from other causes of mortal-

ity (see Section 2.2.5). We refer to animals between 2 
and 44 yr of age as ‘adult females’ throughout the 
manuscript. A female can occupy one of 4 states at 
any given time: non-reproductive (either an adult 
who is neither pregnant nor lactating, or a juvenile 
from weaning to age of first implantation), pregnant 
(but not lactating), lactating (but not pregnant), and 
lactating and pregnant. Each state confers different 
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Symbol              Units                          Value                      Definition                                                                                            Source 
 
Age parameters 
TMAX                   Days                          16060                      Maximum walrus age (44 yr)                                                         Taylor et al. (2018) 
TRMIN                  Days                           1460                       Minimum possible reproductive age (4 yr)                               Fay (1982) 
TRMAX                 Days                          10949                      Maximum reproductive age (30 yr)                                             Fay (1982) 
TP                        Days                            310                        Duration of pregnancy (active gestation)                                  Noren et al. (2014) 
TCR                     Days                            450                        Calf age at which female begins to reduce milk supply       Derived from data in Fay (1982) 
                                                                                                  and the calf’s foraging efficiency is 50% of an adult’s 
                                                                                                  foraging efficiency 
TCW                    Days                            730                        Calf age at weaning (2 yr)                                                              Noren et al. (2014) 
Growth parameters 
L0                           cm                              113                        Length at birth                                                                                   Fay (1982) 
L∞                          cm                              280                        Maximum length                                                                              Fay (1982) 
v                            d–1                       6.85 × 10–4                 von Bertalanffy growth rated                                                         Garlich-Miller & Stewart (1999) 
ωs                    kg cm–1ωe                 1.82 × 10–4                 Structural mass–length scaling constantd                                Garlich-Miller & Stewart (1999) 
ωe                           –                              2.72                       Structural mass–length scaling exponentd                              Garlich-Miller & Stewart (1999) 
Metabolic parameters 
σG                     MJ kg–1                         28.5                       Energy cost per unit of growth in structural mass                  Noren et al. (2014) 
σM_LI           l O2 min–1        0.00101 × MASS1.25         Metabolic rate for resting on land or icea                                  Rode et al. (2024) 
σM_WS        l O2 min–1        0.00245 × MASS1.13         Metabolic rate for activity in water, swimminga                      Borque-Espinosa et al. (2021) 
σM_WD       l O2 min–1        0.02820 × MASS0.73         Metabolic rate for activity in water, divinga                             Borque-Espinosa et al. (2021) 
σM_WR        l O2 min–1        0.00123 × MASS1.22         Metabolic rate for activity in water, restinga                            Borque-Espinosa et al. (2021) 
ϕr                 m3 kg–2/3 d–1                     1.0                         Encounter rate scalarc                                                                     Hin et al. (2019) 
Resource parameters 
R                       MJ m–3                                    4.034                      Resource availability                                                                       This study (calibration parameter) 
ε+                     MJ kg–1                          32                         Anabolic reserve conversion efficiency                                     Udevitz et al. (2017) 
ε–                     MJ kg–1                          32                         Catabolic reserve conversion efficiency                                    Udevitz et al. (2017) 
ρS                           –                              0.10                       Starvation threshold (reserve mass/total body mass)b          Noren et al. (2009) 
μS                           –                               0.2                         Starvation mortality scalarc                                                           Hin et al. (2019) 
γ                              –                                 3                          Shape parameter for relationship between resource             Hin et al. (2019) 
                                                                                                  assimilation and agec 
ρ                             –                        0.3 or 0.39                  Target body condition for normal and late pregnancy          Harwood et al. (2019), derived from 
                                                                                                  (reserve mass/total body mass).                                                 Noren et al. (2014) 
η                             –                                15                         Slope of assimilation response around target body                Hin et al. (2019) 
                                                                                                  conditionc 
Lactation parameters 
σLF                         –                               0.9                         Milk production efficiencyc                                                           Lockyer (1993) 
 
σLC                         –                              0.95                       Calf’s milk assimilation efficiencyc                                             Lockyer (1993) 
 
ϕL                 m3 kg–2/3 d–1                     1.0                         Milk energetic scalarc                                                                      This study (see Text S1) 
ξm                           –                               –2                        Shape parameter for relationship between milk                     Hin et al. (2019) 
                                                                                                  provisioning and female body conditionc 
ξC                           –                              0.25                       Shape parameter for relationship between milk                     Hin et al. (2019), this study 
                                                                                                  assimilation and calf agec 
aMASS refers to the individual’s total mass, defined as St (structural mass) + Ft (reserve mass). bValue for Steller sea lions Eumatopias jubatus. 
cValue assumed in a DEB model developed for North Atlantic long-finned pilot whales Globicephala melas. dValue from a study on Atlantic walrus  
Odobenus ros marus rather than the Pacific walrus subspecies

Table 1. Summary of model parameter values and their sources. Values are walrus-specific unless otherwise noted
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energy requirements depending upon the body mass 
of the individual and the growth stage of her fetus or 
calf (if applicable). The series of interrelated state-
dependent equations that balance daily energy input 
and expenditures within the DEB model is conceptu-
alized in Fig. 1. 

2.2.1.  Structural mass 

In this section, we characterize Pacific walrus struc-
tural mass on each simulation day (t). Note that age t 
is equal to simulation day t + 730, because each indi-
vidual female begins the simulation at 2 yr of age. 
Structural mass (St) comprises tissues such as bones 
and organs that cannot be catabolized for energetic 
needs, whereas reserve mass (Ft; i.e. blubber) is mod-
ified in the sections below pertaining to growth, 
metabolism, and reproduction; thus, total mass is the 
sum of St and Ft. We define an animal’s body con-
dition as the proportion of reserve mass relative to its 
total mass (i.e. ρt = Ft / Wt). Because we require struc-
tural mass (as opposed to total mass) for the DEB 
model, we were unable to directly apply documented 
mass growth curves (Fay 1982) and instead relied on 
the generalized von Bertalanffy growth equation, 
which provided a reasonable fit to historical, empiri-
cal data for female Pacific walruses (McLaren 1993): 

                                                 (1) 

where Lt is body length on simulation day t, L∞ is 
the maximum possible length (280 cm), L0 is the 
length at birth (113 cm); and v is the growth rate 
(0.000685 d–1; Table 1). Body length was then incor-
porated into Eq. (2) to estimate structural mass on 
day t (St): 

                                                               (2) 

where ωs is the structural mass–length scaling constant 
(1.82 × 10–4 kg cm–1ωe, Table 1); and ωe is the struc-
tural mass–length scaling exponent (2.72; Table 1). We 
assumed that male and female calves grow at the 
same rate from T0 (birth day) to TCW (weaning day). 
Although walruses are sexually dimorphic, sex- 
specific differences in body length growth curves 
appear minimal, and mass–length relationships are 
not significantly different between sexes in the first 
2 yr of life (Fay 1982, Garlich-Miller & Stewart 1999). 

We assumed that fetuses grow at a constant rate 
from a length of 0 cm (at implantation) to L0 (at birth) 
over the course of active gestation (TP = 310 d; 
Table 1) (Fay 1982). We estimated the structural mass 
of the fetus using the same mass–length relationship 

that was used for females. The resulting age-specific 
growth curves for female and fetal walruses are 
 displayed in Fig. S1. 

2.2.2.  Energy intake and assimilation 

Each female walrus assimilates energy each day 
from feeding according to the following equation: 

                                               (3) 

where IRt is the intake rate on day t (MJ d–1); R is the 
resource availability parameter; PFORAGE (the propor-
tion of the day the walrus is foraging) is drawn from a 
probability distribution that varies by region and ice 
cover (see Section 2.3); η is the slope of the assimila-
tion response around the target body condition (15; 
Table 1); ρ is the target body condition (0.3 or 0.39; 
Table 1); and ϕr is an encounter rate scalar (Table 1). 
We define R as the daily amount of metabolizable 
energy each female has available to it from food 
resources, which changes based on body condition 
following Eq. (3). Thus, R is a generalized metric of 
environmental quality that is not intended to directly 
reflect empirical estimates of benthic biomass (e.g. 
Wilt et al. 2014) but instead facilitates scaling with 
ice-associated activity budgets (the proportion of the 
day each walrus spends foraging) and model calibra-
tion. Eq. (3) assumes that individuals forage at the 
maximum possible efficiency when their relative 
body condition (ρt) is low (i.e. near their starvation 
threshold, ρS; Table 1) and reduce their foraging effi-
ciency when they approach ρ based on η (following 
Hin et al. 2019). The value ρ is set to 0.3 during most 
circumstances but rises to 0.39 during the second half 
of pregnancy to replicate an observed increase in the 
reserves of pregnant females (Noren et al. 2014). Fol-
lowing this equation, animals are allowed to compen-
sate for the effect of lost foraging opportunities on 
their relative body condition by increasing energy 
assimilation on subsequent days, provided sufficient 
resources are available (Fig. S2). 

In many marine mammals, energy reserves (i.e. 
blubber) provide a buffer for incoming and outgoing 
energy flows for both the female and her calf (De Roos 
et al. 2009). In the model, surplus energy is converted 
to reserves if the assimilated energy (i.e. IRt) exceeds 
total energy expenditure on a given day. Reserves are 
catabolized if the opposite is true. The energetic cost 
of creating each kg of reserve tissue is ε+ MJ, and 
each kg of tissue provides ε– MJ when catabolized 
(Table 1). 

L L L L e– –t
vt= 3 3 0^ h

 S Lt#~= ~
t

e
s

e

R

1
 IR

/

t
t

1

2 3

–  –

FORAGE

t

=
+ h t

t

rS P{
c m

196



Johnson et al.: Pacific walrus PCoD model 197

Fi
g.

 1
. C

on
ce

pt
ua

l d
ia

gr
am

 o
f t

he
 d

yn
am

ic
 e

ne
rg

y 
bu

dg
et

 m
od

el
 st

ru
ct

ur
e 

fo
r (

A
) n

on
-r

ep
ro

du
ct

iv
e 

an
d 

(B
) r

ep
ro

du
ct

iv
e 

ad
ul

t f
em

al
e 

Pa
ci

fic
 w

al
ru

se
s,

 d
en

ot
in

g 
th

e 
fa

c-
to

rs
 c

on
tr

ib
ut

in
g 

to
 d

ai
ly

 e
ne

rg
y 

ba
la

nc
e.

 S
om

e 
no

de
s 

in
 (B

) d
ep

en
d 

on
 w

he
th

er
 th

e 
fe

m
al

e 
is

 p
re

gn
an

t, 
ha

s 
a 

de
pe

nd
en

t c
al

f, 
or

 b
ot

h.
 A

 re
pr

od
uc

tiv
e-

ag
e 

fe
m

al
e 

w
ho

 
fa

ils
 to

 im
pl

an
t o

r h
as

 a
 fe

ta
l o

r c
al

f m
or

ta
lit

y 
w

ou
ld

 a
ls

o 
be

 in
cl

ud
ed

 in
 (A

). 
(C

) P
he

no
lo

gy
 o

f a
 c

om
pl

et
e 

re
pr

od
uc

tiv
e 

cy
cl

e 
of

 a
 fe

m
al

e 
w

al
ru

s a
s c

on
si

de
re

d 
in

 th
e 

m
od

el
 

(i.
e.

 fr
om

 b
re

ed
in

g 
to

 c
al

f i
nd

ep
en

de
nc

e)
, a

ss
um

in
g 

sh
e 

is
 a

bl
e 

to
 su

cc
es

sf
ul

ly
 b

ec
om

e 
pr

eg
na

nt
 a

nd
 ra

is
e 

yo
un

g 
in

 a
n 

op
tim

um
 fa

sh
io

n.
 M

or
e 

de
ta

il 
on

 m
od

el
 p

ar
am

et
er

s  
sh

ow
n 

he
re

 c
an

 b
e 

fo
un

d 
in

 T
ab

le
 1



Mar Ecol Prog Ser 740: 193–211, 2024

Walrus calves have foraging skills that are poor at 
birth, increase with age, and asymptote later in life 
(Fay 1982). We modeled this (following the relation-
ship assumed by Hin et al. 2019) as: 

                                                       (4) 

where ζt is foraging efficiency on day t; γ is a shape 
parameter quantifying the relationship between intake 
rate and age for individuals 0–3 yr of age (3; Table 1); 
and TCR is the age at which calf foraging efficiency is 
50% of adult foraging efficiency (450 d; Table 1). 

Calves rely wholly or partially on milk until they are 
weaned (TCW = 730 d of age) following the relation-
ship: 

       (5) 

where Pt MILK is the proportion of a calf’s milk demand 
that is met by the mother based on the calf’s age on 
day t and ξC is a shape parameter for the relationship 
between milk assimilation and calf age (0.25; Table 1). 
Pt MILK is assumed to be 1 for t < TCR, and 0 for t > TCW, 
following the relationship denoted in Fig. S3. 

The calf intake rate (the total amount of energy a 
calf obtains; Fig. S3) is derived from the following 
equation in a similar fashion to Eq. (3), with separate 
terms for assimilation from milk and foraging: 

       (6) 

where CIt is the calf’s energy intake rate on day t, ϕL is 
a scalar that reflects the difference in energy between 
food resources and milk (Table 1); SCt is the calf’s struc-
tural body mass at its age on Day t (Eq. 2); and ψt is the 
proportion of a calf’s milk demand that is met by its 
mother based on the mother’s starvation status (Eq. 7). 
Note that we effectively calibrated the model with a ϕL 
value of 1.0, implying that milk and food resources pro-
vide the same amount of energy per unit (see Text S1). 

If the mother’s body condition reaches or ap proaches 
ρS, she reduces the amount of milk she supplies to her 
calf (ψt; Fig. S3) following the equation: 

                                       (7) 

where ξm is a shape parameter (–2; Table 1); and ρt, ρ, 
and ρS represent the mother’s body condition (cur -
rent, targeted, and starvation threshold, respectively). 

With these values, if the mother is in good body con-
dition (i.e. ρt ≃ 0.3), she provides all of the calf’s de-
mands for milk during the first 14 mo of its life; milk 
provisioning falls monotonically to zero at weaning as 
the calf begins to forage for a larger percentage of its 

energy demand (Fig. S3). If females are in very poor con-
dition, they will cease to provide any milk for their calves 
before they are weaned, often resulting in calf mortality. 

The total daily energetic cost of a female’s milk pro-
duction can be calculated by dividing her calf’s 
energy intake from milk on day t (the first term of 
Eq. 6) by the efficiency at which reserves are converted 
to milk (σLF = 0.9; Table 1) and the efficiency at which 
milk is assimilated by the calf (σLC = 0.95; Table 1). 
Given that simulated females under 10 yr of age have 
lower reserves than older females, they are more 
likely to have starvation-related calf mortalities, mim-
icking relationships observed in wild populations 
(Noren et al. 2014). 

2.2.3.  Cost of growth and metabolism 

The daily cost of growth is calculated as the differ-
ence in structural mass between consecutive days, 
multiplied by the energy cost per unit of structural 
growth (σG = 28.5 MJ kg–1; Table 1): 

                                                    (8) 

Along with growth, each animal’s daily field metabolic 
cost (FMt) is calculated based on its daily activity 
budget. A simulated walrus can occupy each of 4 activ-
ity states which confer different whole-body metabolic 
rates (Table 1): resting on land or ice (σM_LI); surface 
or subsurface swimming (σM_WS); diving (i.e. forag-
ing on the ocean floor; σM_WD); or resting in the 
water (σM_WR; Fig. S4). Each animal spends a certain 
percentage of each day in the water (PWATER), and a 
certain percentage of its in-water time actively forag-
ing (PFORAGE). When foraging, a walrus spends a cer-
tain amount of its time either diving (77.2%) or resting 
between dives (22.8%; mean values from Udevitz et al. 
2017). We assume that when walruses are in the water 
and not foraging, they are either traveling to foraging 
grounds or migrating. From this, we can calculate an 
animal’s whole-body metabolic rate of being in the 
water (σM_W) and calculate total daily FMt: 

             (9) 

where 

         
(10)

 

Note that the following steps are taken to convert 
metabolic units from l O2 min–1 to MJ d–1: 4.8 is the 
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/t C tt Rg S= +c c c_ i

( ) / ( )P TC TC
t TC

TC TC
t TC

1 1– –
–

– –
–C

t MILK
W R

R

W R

Rp
= e ^ e ^h o h o

R R
CI

e

SC P

e

SC P

1 1

/ /
L

t
t t t t

1

2 3

1

2 3

–  –

 

–  –

MILK FORAGE

t

{ } { g
=

+
+

+h t
t

h t
t

rt

t

 
c cm m

 
1

– – –
– –

 
s s

m
t

t

t
}

t t p t t

p t t
=

m

s

^
^ ^

^h
h h

h

CG S S–  t t t 1– v= G^ h

W P LI–P 1––  
               . .4 8 0 004184 1440
FMt WATER WATER

# # #

= + Mv vM h^ ^ h6 @

_

. ( ) _
P

P0 228 1

W

WS–

M

M M

M

EFORAGE FORAG

v

v

=

+
_ . P0 772WD

FORAGE

# + _WR #v v

198



Johnson et al.: Pacific walrus PCoD model

sion from kcal to MJ, and 1440 is the conversion from 
minutes to days. The daily activity budget of neonatal 
calves (age 0–90 d) is different from that of all other 
walruses because they are thought to spend the 
majority of their time resting as they rapidly accumu-
late mass from their mother’s milk (Fay 1982). Thus, 
the model applies resting metabolic rates to calves 
during this period. Calves > 90 d of age were assumed 
to have the same activity budgets as their mothers, 
but the metabolic rates modified the energetic costs 
of this activity budget based on the calf’s size. 

2.2.4.  Reproduction 

If a simulated female is over 4 yr of age (TRMIN; 
Table 1) and her reserve mass and related body con-
dition exceed a certain threshold (ρt > 0.3; Harwood et 
al. 2019) during a 10 d period starting on 1 July (mean 
implantation date; Fay 1982), she can become preg-
nant. We applied age-specific ovulation rates to each 
female from ages 4–9 based on published estimates 
(Fay 1982), ranging from 10.7% at age 4 to 100% at 
age 10. For each reproductive attempt, we performed 
a random draw incorporating these age-specific ovu-
lation probabilities multiplied by a 90% implantation 
success rate to determine the probability that a female 
becomes pregnant (following Fay 1982). Pacific wal-
ruses are only physiologically capable of producing 
one calf every 2 yr due to a gestation period (passive 
+ active) that is longer than 1 yr (Noren et al. 2014); 
thus, the model assumes that females cannot become 
pregnant during their first year of lactation. Females 
were given a maximum reproductive age (TRMAX) of 
30 yr (following Fay 1982), allowing for a 24 yr potential 
reproductive interval. To summarize results throughout 
this study, we define a ‘reproductive adult’ to be from 
6 through 30 yr of age, although the DEB model in -
cludes the small probability that a walrus is capable of 
becoming pregnant at ages 4 or 5 (following Fay 1982). 

During pregnancy, a female must cover the costs of 
fetal growth and maintenance (Eq. 8) for the fetus to 
survive (reviewed in McHuron et al. 2023). Thus, the 
mass of the growing fetus is added to the structural 
mass of the pregnant female, and fetal maintenance is 
included in her overall metabolic cost (i.e. FMt), 
applying a resting metabolic rate to the fetus’s body 
mass. On average, calf blubber was estimated to 
weigh 6.48 kg at birth (constituting ~11% of total 
body mass; based on estimated growth curves; Fay 
1982), and the energy associated with creating and 
maintaining that additional tissue was incorporated 
into the cost of gestation following the fetal walrus 

growth curve throughout pregnancy (i.e. Fig. S1). 
Additional caloric requirements for pregnant females 
are accounted for by ρ, which rises from 0.3 to 0.39 
during the second half of pregnancy (see Section 2.2.2). 
Provided the pregnant female’s body condition stays 
above ρS, we assume that she transfers sufficient energy 
to her fetus for it to grow; otherwise, a starvation trial 
(i.e. Eq. 11 below) is conducted for the fetus to deter-
mine whether it is aborted. Additionally, fetal survival 
was assumed to be 95% in the absence of starvation 
events (following Fay 1982); thus, we applied a daily 
fetal survival rate of = 0.99985 over the course 
of the pregnancy. 

2.2.5.  Survival 

We derived an age-dependent cumulative survival 
curve (for survival from background mortality causes; 
Fig. S5) by building a piecewise function based on 
age-specific survival estimates from a Pacific walrus 
integrated population model (IPM; the most parsimo-
nious model from Taylor et al. 2018). This curve 
employs 5 age classes: neonates (age 0–90 d; annual 
survival: 0.65); older calves (age 91–365 d; annual 
survival: 0.76); juveniles (age 1–5 yr; annual survival: 
0.90); reproductive adults (age 6–30 yr; annual sur-
vival: 0.99); and post-reproductive adults (age 31–
44 yr; annual survival: 0.55). 

The age at death under baseline (good) conditions 
for each individual (female or calf) was set by drawing 
a random number between 0 and 1, and death oc -
curred when the daily survival probability (Fig. S5) 
fell below this value. Any simulated individual alive 
according to this baseline age at death could still die 
due to poor body condition. Thus, the mortality rate 
for each simulated individual increased when its rel-
ative body condition fell below a pre-defined value of 
ρS. On each such day when ρt < ρS, a Bernoulli trial 
was undertaken to determine the individual’s survival 
with probability φt, defined by the following equation: 

                                                         (11) 

where μS is a scalar defining the strength of the star-
vation mortality relationship (0.2; Table 1). 

2.2.6.  Population growth rate and intrinsic  
rate of increase 

Individuals simulated in the DEB model represent a 
random sample of all possible female life histories, 
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and their mean reproductive success and mean age of 
death (life expectancy) can be used to derive an esti-
mate of population growth rate (Harwood et al. 2019). 

By simulating many (e.g. 10 000) individuals, we 
were able to estimate population-level parameters 
under different environmental conditions and scenar-
ios (Hin et al. 2019). We defined population-level life-
time reproductive success (hereafter ‘reproductive 
success’, Sr) as the mean number of female offspring 
(assuming a 50:50 calf sex ratio) that were success-
fully raised to weaning age by all simulated individ-
uals. The annual population growth rate (λ) can then 
be estimated using the following equation (e.g. 
Turchin 2003): 

                                                                       (12) 

where E− is the average life expectancy in years of all 
simulated individuals. Given λ, we can estimate the 
intrinsic rate of increase (r = ln[λ]). Finally, the maxi-
mum intrinsic rate of increase (rmax) is simply the rate 
of population increase when the population is not 
limited by resources. Thus, we can estimate rmax by 
effectively providing unlimited resources to the simu-
lation (e.g. multiplying R [Eq. 3] by 10) and then cal-
culating r (Harwood et al. 2019). We compared this 
method against other conventional equations for de -
riving rmax (Cortes 2016), and found that it fell within 
the range of those estimates (Fig. S6) and produced 
values we would expect based on the species’ life his-
tory (e.g. Romero et al. 2017, Moore et al. 2018). Given 
r and rmax, carrying capacity (K) can be calculated 
using the following formula (e.g. Turchin 2003): 

                                                         (13) 

2.2.7.  Model calibration 

One benefit of the DEB modeling framework is that 
it involves a flexible R parameter, which can be ad -
justed to simulate different environmental conditions. 
These are the primary mechanisms through which a 
baseline model can be calibrated such that its output 
matches empirical estimates (e.g. N/K, reproductive 
and age-specific survival rates). Once a baseline model 
is produced that matches estimated population param-
eters, it is possible to introduce disturbance and climate 
change scenarios in a PCoD framework to estimate 
predicted changes to those population parameters. 

We calibrated our default DEB model by adjusting 
R until N/K, reproductive rates, and age-specific sur-
vival rates matched values found in Table S2. We 

defined K as the point at which population size 
remains constant (i.e. Nt ≈ Nt+1). Pacific walrus pop-
ulation abundance was most recently estimated in a 
genetic mark–recapture study (Beatty et al. 2022), at 
which time the population was considered near K 
based on an IPM that indicated the population size 
was constant (Taylor et al. 2018; most parsimonious 
model). However, this conclusion was based on 
extant conditions that included harvest mortality; 
thus, some level of population growth would be 
expected if harvest was reduced (MacCracken et al. 
2017). In this context, we calibrated the model to an 
N/K value of 0.9 to account for the effect of harvest on 
population dynamics, and K represents the size at 
which the population would remain constant over 
time if there were no harvest. We also calibrated the 
DEB model to match density-dependent annual 
reproductive rates (the annual probability a repro-
ductive adult female gave birth to a female calf) and 
calf survival rates from the IPM (Taylor et al. 2018; 
most parsimonious model; Fig. S7, Table S2). Note 
that the model was calibrated to calf survival rates in 
this fashion to account for differences between base-
line mortality (e.g. Fig. S5) and starvation-associated 
mortality. 

2.3.  Population consequences of climate change 

The primary environmental driver for climate-
associated impacts on the Pacific walrus population 
is  a reduction in sea ice availability during the 
summer and autumn months in the Chukchi Sea. 
Behavioral changes associated with recent changes 
to  sea ice availability have already influenced wal-
rus  activity budgets and, thus, energy expenditure 
(Jay et al. 2017) and may also influence demo-
graphic  rates (MacCracken 2012). The population 
consequences of  climate change on Pacific walrus 
bioenergetics can be broken down into 3 major fac-
tors related to sea ice  availability: (1) changes in 
movements or foraging behavior; (2) mortality at ter-
restrial haulouts; and (3) influences on prey density. 
In the PCoD model, we relate these factors to sea ice 
projections to the end of the 21st century from gen-
eral circulation models. 

2.3.1.  Sea ice projections 

The Intergovernmental Panel on Climate Change’s 
sixth assessment report features a set of global cli-
mate models (Coupled Model Intercomparison Pro-
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ject, CMIP6), which includes sea ice projections 
under 2 shared socio-economic pathways (SSP2–4.5 
[ssp245] and SSP5–8.5 [ssp585]; Fox-Kemper et al. 
2021). These 2 pathways are commonly used by poli-
cymakers to characterize climate change: ssp245 rep-
resents an intermediate global carbon emissions sce-
nario, whereas ssp585 represents a high baseline 
scenario in which global carbon emissions continue 
to rise (O’Neill et al. 2016). To characterize sea ice 
dynamics over the Pacific walrus range to the end of 
the 21st century, we analyzed ice cover from a suite 
of  10 CMIP6 models (Table 2) over 5 regions of the 
Chukchi and Bering seas (following Udevitz et al. 
2017; Fig. 2, Text S1). For each climate model, we 
considered two 10 yr time periods (mid-century: 
2045–2054; end-century: 2090–2099) and 2 shared 
socio-economic pathways (ssp245 and ssp585; visual-
ized in Fig. S8). We applied a sampling protocol to 
incorporate the variability between models, resulting 
in a total of 5 sea ice scenarios (SI_0–SI_4; Table 2, 
Fig. 2). 

2.3.2.  Changes in movement and foraging behavior 

Pacific walruses (particularly females and juve-
niles) use sea ice as a preferred habitat for much of the 
year, which provides a safe platform to rest on during 
seasonal migrations and between foraging bouts (Fay 
1982). When sea ice is unavailable, females and juve-
niles spend more energy because of the long distance 
between some land-based haulouts and productive 
foraging areas (Jay et al. 2017). Udevitz et al. (2017) 
developed a model (based on telemetry data) that 
relates changes in sea ice availability to adult female 

walrus movements and activity budgets in the Chuk-
chi Sea in summer and autumn, and then used these to 
predict seasonal changes in body condition under dif-
ferent climate scenarios. We adapted the Udevitz et 
al. (2017) model for use in the PCoD framework 
(further details in Text S2). 

We used both the sea-ice-driven movement and 
activity models from Udevitz et al. (2017) to generate 
Bayesian posterior predictive distributions of daily 
activity budgets for Pacific walruses across 5 move-
ment pathways (Fig. 3) under the 5 different sea ice 
scenarios (Table 2). The samples from these distri-
butions generated daily estimates of the following 
activity budget parameters: PWATER, PFORAGE, and the 
region it occupies each day (Regions 0–4; Fig. 3). 
These values link the daily FMt (Eq. 9) and IRt 
(Eq.  3) to ice cover and incorporate behavioral 
changes associated with ice availability (e.g. differ-
ential travel costs to foraging areas). Our baseline 
model uses sea ice estimates for contemporary con-
ditions (i.e. SI_0; Table 2), and models incorporat-
ing sea ice projections (SI_1–SI_4) simulate the re -
sponse of Pacific walrus energy intake and expenditure 
to ice loss. 

2.3.3.  Mortality at terrestrial haulouts 

As summer and autumn sea ice availability in the 
Chukchi Sea has decreased over recent years, large 
numbers of walruses have used terrestrial haulouts 
(rather than hauling out on ice; Fischbach et al. 2009, 
2022), which increases the probability of disturbance-
related mortalities (Udevitz et al. 2013). Young calves 
are particularly susceptible to mortality at terrestrial 
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Name                          SSP                            Projection period                                              Ice data source 
 
SI_0                             NA                             2008–2014 (contemporary)                          MIZ and SIGRID-3a 

SI_1                          ssp245                          2045–2054 (mid-century)                              CMIP6 Suiteb 
SI_2                          ssp245                          2090–2099 (end-century)                              CMIP6 Suiteb 
SI_3                          ssp585                          2045–2054 (mid-century)                              CMIP6 Suiteb 
SI_4                          ssp585                          2090–2099 (end-century)                              CMIP6 Suiteb 
aHistorical sea ice data for the 2008–2014 period were compiled by Udevitz et al. (2017) using MIZ (Marginal Ice Zone) and 
SIGRID-3 (Sea Ice Grid 3) charts 

bFor each sea ice projection, we applied a sampling protocol to randomly incorporate data from the following suite of 
CMIP6-endorsed models (institute and host country): ACCESS-CM2 (CSIRO-ARCCSS, Australia), ACCESS-ESM1.5 
(CSIRO, Australia), CanESM5 (CCCma, Canada), CESM2-WACCM (NCAR, USA), CNRM-ESM2-1 (CNRM-CERFACS, 
France), EC-Earth3 (EC-Earth Consortium, Europe-wide), EC-Earth3-Veg (EC-Earth Consortium, Europe-wide), IPSL-
CM6A-LR (IPSL, France), MIROC6 (MIROC, Japan) and MRI-ESM2-0 (MRI, Japan)

Table 2. The 5 sea ice scenarios used to assess walrus population consequences of climate change. Shared socio-economic 
pathways (SSPs) were developed by the Intergovernmental Panel on Climate Change and represent a ssp245 and a ssp585  

carbon emission mitigation scenario
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haulouts, both from predators (e.g. polar bears) and 
from being trampled in human disturbance-initiated 
stampedes (e.g. from aircraft or vessel traffic; Fisch-
bach et al. 2009). Terrestrial haulouts on the Chukchi 
coast have been monitored in recent years and can be 
used by >150 000 individuals in some instances 
(Fischbach et al. 2022). Minimum annual haulout 
mortality estimates ranged from 20–3400 individuals 
between 2007 and 2016 (MacCracken et al. 2017). 
Pacific walrus haulout mortality may increase as a 
function of sea ice loss (Udevitz et al. 2013). 

To account for haulout mortality in our climate 
 scenarios, we created a terrestrial haulout day 
(THD) parameter which we defined with the indicator 
 function: 

                                                   (14) 

where IC is the ice cover in the simulated individual’s 
current region. In other words, if an individual has 
been in a region with a mean of <1% ice cover over the 

past 7 d, it must rest at, and base its foraging bouts 
from, a terrestrial haulout. We base this estimate of 
7 d on observations of walrus behavior at sea (e.g. in 
Fay 1982) and on preliminary analysis of satellite 
tracking data paired with ice availability (Fischbach & 
Jay 2018). Under the baseline model, an individual 
has an average of 37 THDs (Fig. S9), which is consis-
tent with contemporary estimates (Fischbach & 
Douglas 2022). Note that each THD is simply a day a 
simulated walrus spends basing from a terrestrial 
haulout (rather than ice) and does not confer 24 h 
spent hauled out on land — activity budgets are cal-
culated irrespective of whether a walrus is hauling 
out on land or ice (Eq. 9). 

We derived daily probabilities of baseline terres-
trial haulout mortality that vary based on a simulated 
walrus’s region and whether it is a female or a calf 
(φTHM_F and φTHM_C; Table S3) based on haulout mor-
tality estimates from MacCracken et al. (2017; further 
details in Text S3). On each THD, we performed a Ber-
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Fig. 2. Sea ice projections for the 5 regions of the study area, based on historical data (blue) and 4 climate scenarios (green, red, 
dark green, dark red) averaged across the suite of 10 CMIP6 climate models used in this study. For ssp245_2050 and 
ssp585_2050, sea ice projections include projections from 2045–2054, and for ssp245_2100 and ssp585_2100, sea ice projec-
tions include projections from 2090–2099. Lines: the mean of 10 yr of projected data for each day of the year; shaded polygons: 
95% density intervals representing the variability across years and models. Gray rectangles: periods during which modeled 
walruses are not in their respective regions (i.e. the Chukchi Sea during the winter and the Bering Sea during the summer).  

Contemporary estimates of sea ice were not available for non-walrus periods
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noulli trial with success probability φTHM_C to deter-
mine calf survival and φTHM_F to determine adult sur-
vival. Additionally, to represent observed stochastic 
‘bad years’ (BYs) when larger die-offs have occurred 
(e.g. Fischbach et al. 2009), we similarly derived BY 
probabilities for females and calves (φTHM_BY_F and 
φTHM_BY_C; Table S3). If a simulated walrus is deter-
mined to be experiencing a BY for terrestrial haulout 
mortality (formulated to occur randomly a certain 
number of times throughout its lifetime), BY probabil-
ities are applied to each Bernoulli trial in that year 
rather than baseline probabilities. 

Finally, we added a haulout mortality management 
(HMM) parameter to simulate the effect of manage-
ment and conservation efforts on mitigating coastal 
haulout mortalities. Specifically, this may encompass 

ongoing and future agency efforts to protect coastal 
haulouts from aircraft (e.g. FWS 2016) and vessel traf-
fic disturbance by establishing buffer zones around 
haulouts. This parameter (ranging from 0.0–1.0) is 
multiplied by one minus the probability of calf haul-
out mortality (φTHM_C) or adult haulout mortality 
(φTHM_F), ultimately reducing it. For instance, an 
HMM value of 0.2 would reduce the baseline haulout 
mortality probability by 20%, simulating manage-
ment and conservation efforts such as maintaining a 
buffer zone around known terrestrial haulouts to 
reduce disturbance (e.g. Garlich-Miller et al. 2011). 
The probability of calf or adult haulout mortality in 
BYs (φTHM_BY_C or φTHM_BY_F) was not modified by the 
HMM parameter to maintain the simulated stochas-
ticity of such events. 
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Fig. 3. Study area, denoting the annual range of the Pacific walrus divided into the 5 regions (0–4) considered in this study. 
The Kotzebue Sound portion of the Chukchi Sea (south of Region 4 and east of Region 2) is not walrus habitat and was not 
 included in the study. Dark regions within shaded regions are islands. Smaller panels (A–E) represent the 5 movement path-
ways during the summer period in the Chukchi Sea (June–November) identified by Udevitz et al. (2017) and used in the  

dynamic energy budget
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Thus, an individual’s survival in any given scenario 
was determined by the product of 2–4 Bernoulli 
trials, in the following order, to determine if the indi-
vidual survived: (1) the background mortality rate 
based on its age at death under good conditions, (2) 
starvation (if applicable), (3) terrestrial haulout-based 
mortality (which may or may not have been mitigated 
by management), and (4) the effects of a bad terres-
trial haulout year (if applicable). 

2.3.4.  Influences on prey density 

Little is known about the composition and biomass 
of benthic invertebrates in the Chukchi Sea and how 
changing sea ice availability, warming subsurface sea 
temperatures, phytoplankton blooms (Arrigo & van 
Dijken 2015), and range expansions of pelagic species 
(e.g. Huntington et al. 2020) may ultimately influence 
Pacific walrus prey density (MacCracken et al. 2017). 
There is some evidence from focused regional studies 
that indicates a decline in benthic biomass in the 
southern Chukchi Sea (Grebmeier et al. 2015), but, by 
contrast, a longer ice-free interval could theoretically 
increase foraging opportunities, as has been postu-
lated for Atlantic walruses Odobenus rosmarus rosma-
rus (Laidre et al. 2008). To represent changes to prey 
density in projected climate change scenarios, we 
used a parameter (PD) which proportionally weights 
the R parameter (Table 1). 

2.4.  PCoD 

Several different types of anthropogenic disturb-
ance may adversely impact walrus behavior (Table S1) 
(MacCracken et al. 2017), but little information exists 
on specific behavioral responses that walruses may 
exhibit. An expert elicitation (EE) was conducted 
in  2019 to generate expert opinion-based probabil-
ity  distributions of transfer functions from acoustic 
anthropogenic disturbance to Pacific walrus behavior 
(Harwood et al. 2019). The EE quantified the reduc-
tion of an adult female Pacific walrus’ daily foraging 
effort in response to an acute acoustic stressor (i.e. a 
seismic survey) and to a continuous acoustic stressor 
(i.e. a drilling operation; Fig. S10). 

The DEB framework uses these transfer functions to 
link behavioral responses to disturbance and, ulti-
mately, to population-level effects. Daily behavioral 
responses that result from disturbance can be incor-
porated into scenarios by specifying the following 
parameters: disturbance type (seismic or drilling), the 

number of disturbance days per year, whether those 
disturbance days occur randomly during the June–
November period or during a specified timeframe, 
whether disturbance occurs during consecutive days 
or years, the number of years in an individual’s life-
time that disturbance takes place, and whether those 
disturbance years occur randomly or at a specified 
age. When a simulated walrus experiences a disturb-
ance day, its foraging effort is adjusted based on a 
random draw from one of 2 distributions, depending 
on the disturbance type (Fig. S10). This framework 
allows managers the flexibility to simulate specific 
development projects (and their effects on different 
age classes), or to consider disturbance under more 
generalized scenarios. 

2.5.  Scenarios 

Based on input from wildlife managers and IK 
stakeholder groups, we identified 4 primary climate 
and disturbance scenarios (which represent a broad 
range of potential conditions that Pacific walruses 
may experience in the future; Fig. 4) to demonstrate 
our modeling framework. Although we include and 
discuss these 4 scenarios, the PCoD framework is 
highly flexible and designed to assess a wide array of 
additional scenarios. Each scenario incorporates the 
following variables: a climate scenario (ssp245 or 
ssp585) and the associated effects of sea ice availabil-
ity, changes to PD, the HMM factor, the number of 
BYs for haulout mortality, and the amount of anthro-
pogenic disturbance (e.g. from drilling or seismic sur-
veys). We conducted sensitivity tests to assess the 
individual effects of these variables on model output 
and ultimately to  determine their relative importance 
in the 4 combined scenarios. In our scenarios, disturb-
ance days occurred randomly in randomized years. 
Each disturbance day had a 50% chance of the dis-
turbance being seismic versus drilling, and the simu-
lated individual’s foraging intake was modified by a 
random draw from the distribution associated with 
each disturbance type (Fig. S10). For the range of 
variation considered for each variable (e.g. 1–3% for 
the PD scalar; Fig. 4) we selected a random value for 
each simulated individual. For each of the 4 scenarios 
(optimistic, intermediate_ssp245, intermediate_ssp
585, pessimistic; Fig. 4), we estimated K and rmax for 
the years 2050 and 2100, each with 100 simulations 
each comprising 100 individu als (i.e. 10 000 indi -
viduals total), which adequately  expressed both be -
tween-individual and between-population variability 
(e.g. Fig. S11). 
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2.6.  Model sensitivity 

We conducted a series of analyses to assess the 
model’s sensitivity to several core bioenergetic 
parameters and scenario parameters. These included 
ρ, ρS, FMt, ϕL, THD, PD, and anthropogenic disturb-
ance (both days per year and years per lifetime). The 
range of values used in each sensitivity test appears in 
Table S4. Statistical significance between groups of 
model parameters was determined via ANOVA and 
post hoc Tukey tests. All analyses were conducted 
using the R statistical software (R Core Team 2023). 

3.  RESULTS 

3.1.  Calibration and sensitivity of DEB 

The DEB was effectively calibrated to reproduce 
demographic rate estimates for 2015 produced 
with an IPM (Taylor et al. 2018; most parsimonious 
model; Table S2). Specifically, >70 % of simulations 
that were calibrated to an R of 4.034 (n = 200 sim-
ulations each containing 100 individuals) fell 
within a 95 % CrI of IPM estimates: 70 % for repro-

duction, 100 % for neonatal survival, and 100 % for 
older calf survival (Fig. S7). Under these con-
ditions, the simulated population’s N/K value 
approximates 0.9 when ρ = 0.3 and ρS = 0.1 (i.e. 
the values in Table 1). We used the DEB model 
calibrated to this R under contemporary conditions 
(the SI_0 sea ice scenario; Table 2) to serve as the 
baseline model in our PCoD framework. Fig. 5 
shows an example of one female walrus’s simulated 
mass balance and reproductive success under this 
model, and Fig. S12 shows a simulated individual’s 
energy balance. 

The model was relatively robust to changes in ρ, 
whereas adjusting ρS or FMt  by ±10% had a signifi-
cant effect on calf and adult starvation, and ultimately 
reproductive success (Fig. S13). The model was also 
relatively robust to changes in ϕL, requiring a change 
in ±25% to have a significant impact on reproductive 
success (Fig. S13). 

3.2.  Sea ice projections 

CMIP6 sea ice projections indicated significant de-
clines in ice cover across the 5 study regions in all 4 
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Fig. 4. Summary of climate and disturbance scenarios developed for the present study. ssp245 and ssp585 refer to Intergovern-
mental Panel on Climate Change CO2 emissions scenarios and their associated sea ice projections. We refer to several dis-
played scenario components as acronyms throughout the manuscript: prey density (PD); haulout mortality management  

(HMM); bad haulout mortality year (BY)



Mar Ecol Prog Ser 740: 193–211, 2024

scenarios (Fig. 2). Generally, this corresponds to a 
months-long ice-free interval across all Chukchi Sea 
regions during the summer and autumn months, and 
reduced sea ice availability during the traditional wal-
rus breeding season in the Bering Sea. Most no tably, 
the ssp585 sea ice scenario suggests that the traditional 
annual range of the Pacific walrus will be almost en-
tirely ice-free by the end of the 21st century (Fig. 2). 

3.3.  Walrus response to climate-induced changes 

Simulated walruses had higher energy expenditure 
with reduced ice cover in all climate scenarios, which 
resulted from their need to spend a higher proportion 
of time active in the water (Udevitz et al. 2017). With 
all other factors held constant in the model, this sea 
ice-induced increase in energy expenditure signifi-
cantly impacted starvation-related mortality rates 
and reproductive success. Specifically, populations 
modeled under the SI_1, SI_2, and SI_3 scenarios 
had significantly higher rates of both adult and calf 

starvation, and lower calf survival (probability of the 
calf surviving to weaning at 2 yr old) and reproductive 
success than the SI_0 (baseline) scenario (Fig. S14). 
The SI_4 scenario (representing the ssp585 climate 
scenario at the end of the 21st century) exhibited 
the highest rates of adult and calf starvation and the 
lowest rates of reproductive success and calf survival 
(Fig. S14). 

Similarly, the probability that a simulated walrus 
used a terrestrial haulout increased above the 2015 
mean of 37 THDs under all climate scenarios. Under 
the ssp585 scenario, walruses experienced a mean of 
96 THDs in 2050 and 248 THDs in 2100 (Fig. S9). 
When projecting forward to 2100, we predicted a 
higher proportion of THDs in the Russian Chukchi 
Sea and the Bering Sea than in the Alaskan Chukchi 
Sea, suggesting that the regional distribution of ter-
restrial haulouts will also change. Increased time at 
terrestrial haulouts created an additional source of 
calf and adult mortality in our climate scenarios 
which contributed to the decline in reproductive suc-
cess (Fig. S15). The model was relatively sensitive to 
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Fig. 5. Example output for one simulated female Pacific walrus over the course of the simulation. (A) Fluctuations in female 
body mass associated with different activity states; and (B) concurrent reproductive attempts over the female’s lifetime. Repro-
ductive success refers to the total number of female calves this walrus successfully weaned during her lifetime (total calves / 2)
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BYs for terrestrial haulout mortality. Adding BYs sig-
nificantly increased both calf and adult haulout mor-
tality in an incremental fashion, which contributed to 
a significant decline in reproductive success when 
each simulated individual was subjected to 20 bad 
haulout years in her lifetime (Fig. S15). 

The DEB model was highly sensitive to the PD scal-
ing parameter that scaled R. Although a baseline DEB 
model calibrated to an R of 4.034 produced demo-
graphic rates consistent with empirical estimates for 
the population (e.g. Fig. S7), adjusting that R by ±1–
5% had large impacts on starvation rates and repro-
ductive success (Fig. S16). 

Finally, we conducted an analysis to assess the 
effect of sea ice scenarios on the 5 walrus move-
ment  patterns (A–E). We found significant differ-
ences in adult and calf starvation, calf survival, and 
reproductive success between the movement patterns 
(Fig. S17). Specifically, movement pattern A (one of 
2 patterns confined to the eastern Chukchi Sea) con-
ferred the lowest instances of starvation and highest 
calf survival and reproductive success, whereas 
movement pattern E (one of 3 patterns using the east-
ern and western Chukchi Sea, but with the least 
northerly extent) conferred the highest instances of 
starvation and lowest calf survival and reproductive 
success; the other 3 movement patterns fell between 
the 2. These differences remained relatively consis-
tent regardless of which sea ice scenario was applied 
(Fig. S17). 

3.4.  Walrus response to anthropogenic disturbance 

Simulated walrus demographic rates were moder-
ately sensitive to anthropogenic disturbance. When 
seismic or drilling disturbance occurred at random 
days during the year on 5 or 10 random years over a 
simulated walrus’ lifetime, an extremely large number 
of disturbance days (i.e. 30) per year was required to 
significantly impact calf or adult starvation rates and 
associated reproductive success (Fig. S18). Exposure 
to 10 disturbance days for 20 yr per lifetime was 
enough to significantly reduce reproductive success, 
and the most extreme disturbance scenario (30 d yr–1 
for 20 yr lifetime–1) reduced overall reproductive suc-
cess by 45% (Fig. S18). Although we considered 
anthropogenic disturbance in a randomized fashion 
in the present analyses, disturbance may realistically 
have a greater impact on starvation rates and repro-
ductive success if it occurs (1) on consecutive days or 
years; (2) in a localized critical habitat area (e.g. an 
important seasonal foraging ground); or (3) during a 

time of year when walruses are more vulnerable (e.g. 
just after calving). 

3.5.  Combined climate and disturbance scenarios 

The 4 primary scenarios combining climate change 
and disturbance (Fig. 4) all indicated declines to both 
Pacific walrus K and rmax by the end of the 21st cen-
tury, and sooner in most cases (Fig. 6). Note that 
although we report estimates of K and rmax independ-
ently, the 2 are related following Eq. (13). Under the  
most optimistic scenario, K underwent a gradual de -
cline (95% CrI for 2015: 115 019–122 066; for 2100: 
102 258–108 656), as did rmax (95% CrI for 2015: 
0.038–0.039; for 2100: 0.035–0.036). The intermedi-
ate_245 model resulted in a slightly stronger decline 
in rmax than the optimistic scenario (95% CrI for 2100: 
0.032–0.033) and a larger, quicker decline in K (95% 
CrI for 2100: 72 432–75 745). The intermediate_585 
model resulted in a stronger decline in K than the 
intermediate_245 model (95% CrI for 2100: 59 056–
61 638), matched with a stronger decline in rmax (95% 
CrI for 2100: 0.030–0.031). Finally, our pessimistic 
scenario indicated severe declines to both K (95% CrI 
for 2100: 39 915–41 685) and rmax (95% CrI for 2100: 
0.026–0.027; Fig. 6). Ultimately, this pessimistic sce-
nario would amount to a 66% decline in K and a 31% 
decline in rmax by the end of the 21st century. 

4.  DISCUSSION 

The PCoD model provided a useful framework to 
analyze consequences for the Pacific walrus popula-
tion of climate change-induced sea ice loss—a well-
recognized and growing concern among the scientific 
community (e.g. MacCracken 2012, Fischbach et al. 
2022), Indigenous communities that rely on walruses 
for subsistence, and the general public. The model 
allows for direct and indirect effects of sea ice loss on 
individual behavior to be translated into changes in 
population demography and size. A central strength 
of our PCoD model is that it can incorporate new 
information as it becomes available, and scenarios 
can be tailored to evaluate the stressors of greatest 
concern. 

We evaluated 4 example scenarios (Fig. 4), all of 
which resulted in a statistical decline in both K and 
the rmax and, thus, overall abundance and population 
growth rate to the end of the 21st century. Projected 
changes to the population were primarily driven by 
the rate of sea ice loss, mortality at terrestrial haul-
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outs, and changes to PD. Diminishing sea ice resulted 
in walruses swimming more and foraging less, thus 
increasing energy expenditure and decreasing ener -
gy intake. This increased adult and calf starvation 
rates and reduced reproductive success and calf sur-
vival (Fig. S14), which, in turn, drove the decrease in 
K (Fig. 6). Reduced PD and increased anthropogenic 
disturbance similarly decreased the daily walrus 
energy intake rate, reducing K. The DEB model was 
highly sensitive to PD and relatively sensitive to 
anthropogenic disturbance. Our variables associated 
with terrestrial haulout mortality (the number of bad 
haulout years and the strength of the haulout man-
agement effect) were modeled independently of R 
(i.e. they were non-density dependent) and were thus 
the primary drivers of the observed trends in rmax. 
Although sea ice loss was the primary driver of simu-
lated declines in the Pacific walrus population, our 
results indicate that the frequency and intensity of 
anthropogenic disturbance (particularly at haulouts) 
and factors influencing PD could all have significant 
population effects in the future (Figs. S15, S16 & S18). 
Thus, our results also suggest that efforts to pro-

tect  important coastal haulouts and walrus foraging 
grounds may be key conservation and management 
measures. 

Movement patterns are a critical aspect of our 
model, and these patterns were based on data from 
telemetered walruses and the timing of their move-
ments among regions relative to the amount of re -
gional sea ice (Udevitz et al. 2017). We note, 
however, that the overwhelming majority of animals 
tracked by Udevitz et al. (2017) were satellite-tagged 
in the US portion of the Chukchi Sea, and, in the 
absence of any additional information, we assumed 
these movement patterns (Fig. 3) represented all 
major movement patterns exhibited by the popula-
tion and that each pattern was equally likely (i.e. 
each had a 1/5 probability of being assigned to an 
individual). We also assumed the direction of these 
movement patterns will remain consistent up to the 
end of the 21st century. Despite these limitations, 
the strength of our movement pattern modeling is 
that residence within any given region in any move-
ment pattern is linked to the amount of sea ice in 
that region; thus, our model accounts for a shift in 
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migratory phenology as a result of sea ice loss (Ude-
vitz et al. 2017). Furthermore, if new telemetry data 
is collected, it could easily be incorporated into our 
modeling framework. 

Although our PCoD framework has the capacity to 
incorporate many of the previously identified poten-
tial stressors to the Pacific walrus population (i.e. 
Table S1), further study is required to encompass the 
full suite of possible stressors associated with climate 
change and anthropogenic disturbance. For example, 
the impacts of Bering Sea ice loss on breeding and 
birthing platforms may have ramifications on repro-
ductive success that are not accounted for in the 
model due to a lack of empirical data. Pacific walruses 
are thought to require sea ice platforms to breed from 
and give birth on (MacCracken et al. 2017); therefore, 
if an ice-free Bering Sea (e.g. in the ssp585 scenario) 
did not result in a range shift (e.g. a shift northward to 
sea ice refugia resulting in year-round residence in 
the Chukchi Sea; MacCracken 2012), our model does 
not account for the potential shift from breeding from 
and birthing on ice to breeding from and birthing on 
land, which could result in large reductions in repro-
ductive success. Similarly, adult female walruses are 
not known to leave their calves on land and forage 
alone at sea (as do sea lions and fur seals, Family 
Otariidae); thus, we assumed that walrus calves are 
able to accompany their mothers everywhere and that 
they have the in-water endurance to do so in an ice-
free environment. Although many future behavioral 
responses of the walrus population to climate change 
are unknown, a strength of the PCoD approach is the 
ability to explore a wide array of hypothetical scenar-
ios (e.g. different movement patterns, shifts in breed-
ing, or mother–calf behavior). In addition, further 
information is needed on the effects of climate 
change on the benthic community (and how that 
relates to future walrus PD; but see Wilt et al. 2014, 
Grebmeier et al. 2015) and the prevalence of harmful 
algal blooms and other diseases and parasites. An EE 
comprised of agency walrus biologists produced the 
probabilities that our PCoD model used to quantify 
walrus responses to seismic and drilling disturbance 
(Fig. S10; Harwood et al. 2019). An additional EE (that 
includes IK stakeholders) could prove beneficial for 
acquiring similar expert opinions for other disturb-
ance types (e.g. ship and air traffic, fisheries, and mil-
itary exercises) as well as for filling additional knowl-
edge gaps with regards to Pacific walrus physiological 
and behavioral ecology. 

Most bioenergetic models are, by necessity, sim-
plifications of extremely complex natural processes. 
Our DEB model is based on relationships among 

parameters that incorporate empirical values from 
Pacific and Atlantic walruses, assumed values and 
relationships based on walrus life history, and data 
or assumptions from other marine mammals where 
walrus-specific data were not available (Table 1). For 
instance, we applied a starvation threshold from a 
study on Steller sea lions Eumetopias jubatus (Noren 
et al. 2009), and several of our scaling and shape 
parameters were drawn from the DEB model pre-
sented by Hin et al. (2019), who chose them to best 
reflect assumed biological relationships for long-
finned pilot whales. As such, we have identified sev-
eral data gaps in the Pacific walrus and marine mam-
mal bioenergetic literature that were filled with 
assumed values in the present model. Key research 
needs related to Pacific walrus physiology include 
activity-associated metabolic rates for growing 
calves, further research on walrus diet and PD in the 
Bering and Chukchi seas, and a more robust charac-
terization of assimilation efficiency, true metaboliz-
able energy, and the heat increment of feeding (e.g. 
Booth et al. 2023). Despite the necessary assump-
tions we have made within this modeling framework 
regarding bioenergetics, its strength lies in its flex-
ibility to compare and contrast different parameter 
values and projected environmental conditions. 

The PCoD model we present is a flexible framework 
that should prove useful to wildlife managers and 
stakeholders to project and assess walrus population 
dynamics under a range of potential future con-
ditions. In addition, while current subsistence harvest 
rates are thought to be sustainable (FWS 2023), a for-
mal harvest sustainability assessment has not yet 
been conducted for the population (MacCracken et 
al. 2017) but is an active area of research. Estimates of 
K and rmax attained from our PCoD model could be 
used to form a baseline for a harvest sustainability 
assessment that can project the sustainability of  dif-
fer ent harvest scenar ios to the end of the 21st cen-
tury. Finally, the framework we have developed could 
be readily adapted to other situations and species in 
complex and dynamic systems and could be particu-
larly useful for the many species simultaneously 
threatened by climate change and anthropogenic 
disturbance. 
 
 
Data availability. All data and novel code used in this an -
alysis are available at an external repository via https://
figshare.com/s/cfed869a283dc4829382. 
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