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ABSTRACT: Females must continually make resource allocation decisions because of fitness
trade-offs between self-maintenance and investment in current offspring, yet factors underpin-
ning these decisions are unresolved. Polar bears Ursus maritimus face considerable allocation
challenges when seasonal sea-ice melt precludes access to prey for several months, and females
rely solely on energy stores to cover their own energetic needs and provision offspring. We tested
how female polar bears regulate lactation during onshore fasting (i.e. capital breeding) and deter-
mined the consequences of moderated lactation for females and cubs. Overall, milk energy
declined, and lactation was more likely to cease with longer time fasting. Lactation was partially
mediated by maternal energetic state and depended on litter characteristics. Milk energy
declined more sharply with fasting time (~2.6 times more strongly) in females with 2 offspring
compared to those with 1. Females with cubs-of-the-year produced higher energy milk than those
with yearlings, and their milk energy also increased more strongly with maternal energy density.
Milk energy declines benefited females via reduced depletion of maternal energy reserves, but
cub growth decreased. Altered lactation investment likely has consequences for both female
survival and the fate of offspring, which could scale up to influence population dynamics. Given
that Arctic warming means polar bears across much of their range will experience longer periods
without access to primary prey, our results underscore how lactation will likely become increas-
ingly compromised.

KEY WORDS: Ursus maritimus - Sea ice - Arctic - Climate change - Life-history tactics -
Capital breeding

1. INTRODUCTION

During their lifetime, animals must manage alloca-
tion of their limited resources between competing
processes (Stearns 1992). Allocation decisions based
on internal physiological state and external condi-
tions lead to life-history trade-offs, for example, be-
tween current and future reproduction (Roff 1992). In
mammals, high energetic costs associated with milk
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production (Oftedal & Gittleman 1989, Thometz et
al. 2016) mean that during lactation, females must
balance resource investment in current offspring
(and the fitness benefits associated with offspring
growth and survival) with the costs to their own body
condition, survival, and potential fitness gains from
subsequent reproductive efforts. The challenges of
optimal energy allocation are particularly acute for
species that cover the energetic costs of lactation
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using accumulated body reserves i.e., species that
occupy the ‘capital breeding’ end of the continuum
in maternal energy management, as opposed to
meeting reproductive costs by continual foraging,
i.e., 'income breeding' (Jonsson 1997, Stephens et
al. 2009).

Polar bears Ursus maritimus are an example of a
long-lived mammal that provisions offspring with
lipid-rich, high-energy milk, while also facing long
periods of food scarcity. Along with phocid seals,
mysticete whales, and other ursids (Oftedal 1993),
polar bears can lactate while fasting, relying entirely
on their stored energy reserves to support both their
own needs and the needs of their offspring (Atkinson
& Ramsay 1995, Oftedal 2000). Females give birth
and nurse their altricial cubs while fasting in winter
dens for 3-4 mo (Ramsay & Stirling 1988). During the
subsequent prolonged weaning period that can typi-
cally last up to ~2.5 yr, accessibility of their key
prey, seals, varies seasonally. Prey are abundant dur-
ing seal pupping in the late spring but typically
become scarcer in the summer and autumn due to
unfavourable hunting conditions and shifts in prey
distribution (Smith 1980, Stirling & Oritsland 1995,
Galicia et al. 2020). In the southern extent of their
range (e.g. Hudson Bay, Canada), polar bears are
forced onto land when sea ice melts annually in the
summer and must fast for several months until the ice
returns with winter freeze-up. As such, across their
reproductive cycle, female polar bears alternate be-
tween a capital breeding strategy (catabolising energy
stored prior to fasting to support reproduction) and
an income breeding strategy (fuelling reproductive
investment by concurrent feeding while on sea ice)
(Jonsson 1997, Stephens et al. 2009). Energy reserves
accumulated from feeding on lipid-rich seals mean
females can typically sustain considerable mass loss
while fasting—for example, ranging from 1.0 to
1.49 kg d! for females with offspring onshore in the
Western Hudson Bay subpopulation (Arnould &
Ramsay 1994, Pilfold et al. 2016).

For long-lived iteroparous species, reproductive
efforts during periods of food scarcity must be bal-
anced against a female's own requirements for sur-
vival (and against costs to her future reproductive
capacity) (Bunnell & Tait 1981, Stearns 1992, Mc-
Namara & Houston 1996). Polar bears adjust their
reproductive investment to cope with the energetic
constraints imposed by the variable Arctic environ-
ment. For example, delayed blastocyst implantation
and short gestation times mean that females can
abandon a pregnancy before parturition with mini-
mal incurred cost (Derocher et al. 1992), and litter

size at den emergence can be predicted from female
energy density at den entry (Molnar et al. 2011). Litter
size in spring and autumn also increases with mater-
nal age (peaking around 14-16 yr of age), which may
reflect age-related increases in maternal body mass
(Derocher & Stirling 1994). Along with reduced milk
energy output reported in females with older offspring
(Arnould & Ramsay 1994), some individuals cease
lactation during prolonged fasting, while others con-
tinue lactating under similar conditions (Derocher et
al. 1993). Given that cubs must devote energy toward
structural growth but have not yet built the substan-
tial energy reserves (i.e. adipose tissue) needed to
sustain them through periods of food scarcity, a de-
cline in maternal provisioning during the fasting
period may impact offspring growth and survival,
with consequences for recruitment. This reliance on
maternal milk is particularly acute for cubs-of-the-
year (COY), which have the highest skeletal growth
rates (Arnould & Ramsay 1994) but smallest adipose
deposits of all age classes (Pond et al. 1992).

Despite the importance of female lactation per-
formance to recruitment and population demograph-
ics, there is considerable uncertainty surrounding
when polar bears reduce or cease investment in lac-
tation when fasting (Molnar et al. 2020, Miller et al.
2022), and the underlying factors that moderate lac-
tation effort remain unresolved. This dearth of infor-
mation regarding processes governing polar bear
lactation is of particular concern given that rapid sea-
ice loss across the Arctic is forcing many subpopula-
tions to undertake longer fasting periods, and likely
placing added nutritional stress on females with off-
spring (Stirling & Derocher 2012).

Here, we aimed to establish how fasting time and
energetic state affect lactation in polar bears. We
measured the body composition and milk energy
content of female polar bears with offspring, which
were captured while fasting on land for varying peri-
ods. Using a Bayesian hierarchical approach to model
energetic status and milk composition, we tested
how milk energy content and cessation of lactation
were related to fast duration and maternal energy
stores. We expected that females would be more
likely to reduce the energy content of their milk and
to cease lactation with increased time spent fasting,
and that this relationship would be underpinned by
maternal energy status. We also explored the effects
of additional factors we considered potentially im-
portant in determining lactation patterns (maternal
age, litter size, and cub age class). Because we ex-
pected reduced allocation to lactation to arise as an
energy-saving mechanism, we then tested whether
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declining milk energy content buffered the depletion
of energy reserves by females fasting on land using
data from bears with offspring that were recap-
tured within the same season. Finally, to determine
consequences for offspring, we explored how re-
duced maternal investment in lactation impacted
offspring mass loss and growth.

2. MATERIALS AND METHODS
2.1. Data collection

Adult female polar bears with accompanying off-
spring were captured during the ice-free period from
30 July to 2 November in 1989 and 1992-1994 while
onshore on the western coast of Hudson Bay be-
tween the Churchill and Nelson rivers (57°00' to
58°50"N; 92°25' to 94°15'W). Bears were located
via aerial search, captured non-selectively, and im-
mobilized using standard procedures (8 mg Telazol
administered per kg of estimated body mass; Stirling
et al. 1989). Straight-line body length was recorded
following standard procedure, and bears were
weighed (+ 0.45 kg) in a nylon net using an electronic
load cell suspended from a tripod. Age was estimated
from annuli in the cementum of a vestigial premolar
tooth or by cross-referencing ID numbers of marked
individuals with capture records. Litter size, and off-
spring body mass and straight-line body length were
recorded, along with age class of offspring (COY [<1
yr old] were distinguished from yearlings [between 1
and 2 yr old] based on body size and tooth eruption).
No captured females were accompanied by 2 yr olds.
Total body lipids were estimated via isotopic dilution
following standard procedures outlined by Farley &
Robbins (1994) and described in detail by Atkinson &
Ramsay (1995). For more information on data collec-
tion procedures, see Atkinson (1996) and Atkinson &
Ramsay (1999).

2.2. Lactation performance

Adult females were given an intra-muscular injec-
tion of 2.5 ml oxytocin and nipples were cleaned of
debris. After 5 min, milk was manually expressed
from mammary glands. Individual mammary glands
were evacuated as extensively as possible with milk
pooled into a single sample for each bear. Samples
were frozen at —20 °C until subsequent analysis. Two
subsamples of 2-4 g were taken from each thawed
milk sample and dried at 90 °C. Dry mass as a per-

centage of wet weight was calculated for each sub-
sample, and the mean across subsamples was taken
as the milk solid content (%) for that sample. On 9
occasions, milk could not be expressed from a
female's mammae. Although the absence of milk
could be due to low milk production and recent cub
suckling, the nipples of these bears showed no sign
of recent suckling and their mammae were regressed
or smaller compared to bears that did produce milk.
We thus considered these bears to be non-lactating
(possibly due to mammary involution). Seven non-
lactating females were accompanied by yearlings,
and 2 were accompanied by COY.

Total body lipids and milk solids were measured
in 24 individual bears, with some individuals cap-
tured more than once in the same year and among
years (mean = SD interval between within-year
captures = 54 + 19 d; average date of first capture
30 August, recapture 24 October), giving 41 total
observations of body composition and lactation
performance (23 samples from females with COY,
18 with yearlings) (Table 1, Table S1 in the Supple-
ment at www.int-res.com/articles/suppl/m720p175_
supp.pdf). Bears lost an average of 40.1 + 25.5 kg of
body mass between within-season captures with
daily mass loss rates of 0.72 + 0.25 kg).

2.3. Analysis

All analyses were carried out using R 3.2.0 (R
Core Team 2021). We used published summary data
on percentage milk solids and milk energy content
in female polar bears (Derocher et al. 1993) to derive
the following linear relationship: log(milk energy) =
1.33 + 2.92 x proportion milk solids, which we
used to calculate gross milk energy (kJ g!) from
proportion milk solids. We developed 6 models for
our analyses: the first 2 models assessed whether
lactation was affected by fasting time and mater-
nal body condition, the third model tested whether
changes in lactation investment affected maternal
energy loss rates, and the final 3 models assessed
the impact of altered maternal lactation investment
on offspring.

2.3.1. Estimating time spent fasting

We calculated time spent fasting as the difference
between capture date and the date that polar bears
were expected to have arrived onshore each year,
estimated to be 27 d after the sea-ice extent in West-
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Table 1. Overview of milk samples collected from female polar bears with 1 or 2 offspring, classed as either cubs-of-the-year

or yearlings. Total number of milk samples (including recaptures) are given by year, with number of individual bears shown

in brackets alongside. Also shown is maternal mass, age range of females, and number of females that were considered above
prime reproductive age

Year Onshore date Litter size = 1 Litter size = 2
Cub-of-the-year Yearling Cub-of-the-year Yearling
1989 2 August 3(3) 1(1) 2(2) 3(3)
1992 25 August 2 (1) 6 (3) - 2(1)
1993 3 August 4(2) 2 (1) - -
1994 5 August 6 (3) 2 (1) 6 (3) 2(1)
Maternal mass + SD (kg) 214.9 + 33.4 205.4 +46.1 208.9 £32.8 200.0 + 23.6
Maternal age range (yr) 6-21 9-24 7-17 10-18
Females > 18 yr 1 3 0 1

ern Hudson Bay dropped below 30 % in a given year
(previously identified as a critical threshold when
bears generally abandon the receding ice, move
ashore, and begin fasting — see Molnar et al. 2020 for
a detailed explanation of sea-ice threshold calcula-
tions and associated mechanisms underlying polar
bear migration). The estimated date of onshore arrival
may not be the exact date that a bear stops feeding
(e.g. 1 bear was caught on land 4 d before that year's
critical threshold value) but we considered days
since arriving onshore to be a conservative approxi-
mation of accumulated fasting time.

2.3.2. Estimating energy density

Because our goal was to determine the energetic
constraints to polar bear lactation, we estimated indi-
vidual body condition in terms of energy density (i.e.
storage energy per unit of lean body mass) using a
body composition model previously developed for
polar bears (Molnar et al. 2009). The model calcu-
lates an individual polar bear's storage energy (MJ)
using total body mass, straight-line body length, and
estimates of the proportion of storage that consists of
lipid. We used measurements of total body lipids,
body mass, and straight-line body length on cap-
tured bears to re-parameterize the model for each
bear in our data set, allowing us to account for indi-
vidual variation in body composition. Briefly, we first
calculated vy, i.e. the proportion of storage energy that
is stored in lipid reserves, at each capture following
Molnar et al. (2009) (their Eq. 15). We then developed
a hierarchical Bayesian measurement error model for
y that was incorporated in subsequent models (see
below) to estimate energy density as a predictor
variable. The measurement error model assumed

that there was a single, true value of y for each bear j
(assuming strong homeostasis; Kooijman 2010), and
any within-individual variation in y stemmed from
sampling/observation error, where:

Yobsjj ~ Beta[thej x ¢,(1 - Ytruej)q)]
Ytruej ~ Beta(xvt)
x ~ Beta(1, 1)
T ~ HalfCauchy(0, 5)

We assumed there is a true, latent random variable
Yuue; fOr the jth bear, with the observed proportion
Yobsi,j for the ith sample drawn from a beta distribu-
tion (reparametrized in terms of its mean y;,. and
precision ¢ by moment matching from the shape
parameters o and ). We modelled Vtruej @S also being
drawn from a Beta distribution with hierarchical pri-
ors. To aid in identifiability, we fixed the precision of
Yobs;; at ¢ = 5000 (i.e. equal to an SD of 0.014). We
used the estimated Vtruej value for each adult bear to
calculate total storage energy (MJ) and total lean
body mass (kg) at each capture following Molnar et
al. (2009) (their Egs. 9, 11, 12, 13A) and then calcu-
lated energy density (MJ kg™') as the ratio of total stor-
age energy to lean body mass. We calculated the
body composition of offspring similarly but assumed
that the value for y could vary between captures in
growing bears, and thus did not incorporate the
measurement error model for offspring.

2.3.3. Lactation analysis

We used a Bayesian hierarchical modelling ap-
proach to test potential factors we considered likely
to influence lactation, in combination with a directed
acyclic graph to consider relationships between pre-
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dictor variables and to decide on model structure. Our
first model structure (Model 1) included milk energy
(kJ g71) as the response variable, (positive, continu-
ous), and included the following independent vari-
ables: days since onshore arrival, litter size (categori-
cal, coded using sum contrasts where —0.5 was a litter
of 1, and 0.5 was a litter of 2), offspring age class (cat-
egorical, coded using sum contrasts and —0.5 for COY
and 0.5 for yearlings), maternal energy density
(MJ kg~!); maternal age (years), and litter mass (kg)
(Table 2). All continuous variables were standardized
to have a mean = 0 and standard deviation = 1, and we
included the Bayesian measurement error described
above when calculating energy density. We included
interactions between days onshore and offspring
age, and between days onshore and litter size to
assess whether effects of fasting time depended on
the age or the number of accompanying offspring.
Since our aim was to test if energetic state under-
pinned lactation responses to fasting time on land,
we also built a second model (Model 2) that excluded
days onshore as an explanatory variable but other-
wise followed the same structure (with energy den-
sity used in place of days onshore in the interaction
terms) (Table 2). By conditioning on days onshore,
Model 1 also tests for causal effects of energy den-
sity independent of fasting period, while Model 2
deliberately excludes days onshore to test for the
mediating effect of energy density i.e. days onshore
might impact lactation if females reduce energy out-
put when incoming energy is low (a direct effect of
fasting time on lactation) or because their energy
reserves are increasingly depleted when fasting on
land (fasting time affects energy density, which
impacts lactation).

Although milk energy (kJ g™') was a positive,
continuous variable y; > 0, we assumed y; could
also take on true values of zero when a female
was not lactating (i.e. bears with cubs from which
no milk could be obtained). The subscript ij refers
to the ith observation for bear j, and n; is the
number of observations for bear j (n; = 1 or 2).
Because the data were a mixture of true zeros and
positive continuous values bounded by zero, we
used a log-normal hurdle model to allow model-
ling of both the zero data and the continuous yj;
data. The continuous data were assumed to follow
a log-normal distribution, parameterized in terms
of its location w, and scale o. For the 'hurdle’ part
of the model, we let z; be a random variable
describing lactation status of females with cubs: 1
if a female was lactating and O if not, with errors
assumed to follow a Bernoulli distribution with
probability p;. The general model for gross milk
energy yj is then given by:

Zij = Ov

0
YU{ LogNormal(u;;,0) z; =1 @
The probability of lactation p; was modelled as a
logistic function of independent variables x; (predic-
tor variables and interaction terms listed in Table 2),
and the location parameter for milk energy w; was
modelled as a function of x;:

exp(W,, + 21, W, xp,)

I s exp(Wy, + 5, ¥, %)

nk
W;j = ﬁO,j + I{ZPk in/)

Table 2. Structure of the 6 models used in our analyses to assess female lactation investment and the effects of altered lactation
investment on females and offspring

Model structures

Assessing female lactation investment
age + litter mass

litter mass

density

density

1 Maternal milk energy ~ days onshore x litter size + days onshore x cub age + maternal energy density + maternal

2 Maternal milk energy ~ maternal energy density x litter size + maternal energy density x cub age + maternal age +

Assessing maternal responses to altered lactation investment
3 Change in maternal storage energy ~ change in maternal milk energy + capture interval + initial maternal energy

Assessing offspring responses to altered lactation investment
4 Change in offspring mass ~ change in maternal milk energy + capture interval + initial offspring mass

5 Change in offspring storage energy ~ change in maternal milk energy + capture interval + initial offspring energy

6 Change in offspring length ~ change in maternal milk energy + capture interval + initial offspring length




180 Mar Ecol Prog Ser 720: 175-189, 2023

The parameters ,; and B,; were assumed to be
drawn from a population with respective means of
W, up, and variance ¢ , op, (i.e. individual varia-
tion among bears in the average milk energy con-
tent was treated as a ‘random effect’, borrowing
strength from the hierarchical model structure)
(Gelman et al. 2013). Additional variation in yj
was modelled as sampling error, o (Hobbs &
Hooten 2015).

The joint and posterior distributions of the full hier-
archical model were given by:

(B0, 2,04, Oyy XTI YY)
24 n;
HHLogNormal(yjjl W;; x z;;, o) Bernoulli(z; | py)
j1i-1
XBeta(Yabsi,j I Yt[uej ><¢, (1_ Ytruej)q))XBeta(Ytruej I X T)
xBeta(yl1, 1) Half Cauchy(t !0, 5)
X Normal(BoJ | Mﬁo' Oﬁo)

xNormal (Y j | Uy, Oy,)

Ny
xHNormal(Bk 10,0.5)

k=1

xNormal( ug,! 2, 0.5)Half Cauchy (o, 0, 5)
xHalf Cauchy (010, 5)

1)
x| |Normal(y;10, 1)
141
xNormal(u,! 0, 1.5)Half Cauchy(o,10, 5)

2.3.4. Energetic savings by females

To test if reduced milk energy content was associ-
ated with reduced energy loss for females, we built a
third Bayesian model (Model 3) using a subset of lac-
tating bears that were recaptured within the same
fasting season (n = 14). After accounting for initial
differences in energy density, we expected females
that decreased their milk energy content between
captures would lose storage energy at lower rates
than females that maintained greater milk energy
content (i.e. females that reduced the energetic con-
tent of their milk the most would lose a smaller
amount of stored energy between captures). The
model was structured: storage energy loss (MJ) ~
milk energy reduction (kJ g~!) + capture interval (d)
+ initial energy density (MJ kg™') (Table 1). All vari-
ables were continuous and standardized prior to
fitting, and we incorporated the same Bayesian
measurement error model as described above when
estimating storage energy loss. Although storage

energy declined between captures for all bears in our
study, we assumed that energy loss was a continuous
variable s; that could take on positive or negative val-
ues (i.e. bears could theoretically increase storage
energy between captures e.g. by feeding on terres-
trial foods). We assumed s; followed a normal distri-
bution with mean u,; and scale og, and we modelled
Us; as a linear function of independent variables x;
(listed in Table 2):

h
Us; = Bso +I§1Bsh Xh; (9)

The joint and posterior distributions of Model 3
were then given by:

14 n;j

[BsiOsx, TIsy]x HHNormal(st Ws;, Os)
j=1 i=1
XBeta[YObsi,j I the]‘ X ¢r (1_ thej)q)JXBeta(Ytruej | X T)
xBeta(y 11, 1) Half Cauchy(t 10, 5) (6)

3
x| [Normal(g,,! 0, 1)
h=0
xHalf Cauchy (ol 0, 5)

2.3.5. Effects of lactation on offspring

Lastly, we tested if offspring were affected by
changes in lactation performance by modelling
the difference in body mass, storage energy, and
straight-line body length in offspring that were
recaptured in the same season (n = 18) in response to
changes in maternal milk energy content over the
same period. We expected that a greater reduction in
maternal milk energy would be associated with
greater losses in offspring body mass and storage
energy, and smaller increases in straight-line body
length between recaptures. The 3 models for off-
spring responses were structured similarly, with
either the difference in body mass (kg), storage
energy (MJ), or straight-line body length (cm) as the
response variable, and maternal milk energy reduc-
tion (kJ g~!) and capture interval (days) as predictor
variables (Table 2). We also included either the off-
spring'’s initial body mass, energy density, or straight-
line body length in each model to account for initial
differences in size/body composition. Observed dif-
ferences in body mass ¢,,; and storage energy ¢, for
the jth cub were modelled as continuous variables
(Models 4 and 5, respectively), which we assumed
could take on positive or negative values. Both vari-
ables were assumed to follow normal distributions,
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parameterized by the mean u. and scale o.. We mod-
elled u. in each model as a linear function of inde-
pendent variables x, (Table 2), where:

np
e, = Bey + 2Bay Xn, @
h=1

The joint and posterior distribution for each model
(where c represents either c,, or ¢;) was then given
by:

18

[Beioclc] e HNormal(cj I W, 0¢)
j=1

3
x| [Normal(g,, 10, 1)

h=0
x Half Cauchy (o.!10, 9)

We assumed the observed difference in straight-
line body length ¢;; (Model 6) followed a Poisson dis-
tribution (as a linear function of predictors with a log
link), given that observations could take on positive
or zero values only, i.e. assuming cubs could not de-
crease in length between recaptures, and because the
observed data consisted of discrete values (straight-
line body length was measured to the nearest cm).
Three cubs were recorded as being slightly shorter
than their initial capture lengths, so we assumed that
these cubs had not grown and set their difference in
length to zero. The joint and posterior distribution for
difference in straight-line body length was then given
by:

p
A= exp(Be, + %Bc, Xn)
h=1

18
B! €] [ [Poisson(cy,12;)

j=1

xNormal (B! 0, 1)

3
x| [LogNormai(g.,! 0, 0.5)

h=1

2.3.6. Model fitting

Posterior distributions for the parameters of the
Bayesian models were estimated using Hamiltonian
Monte Carlo sampling in Stan via the R package
rstan (Stan Development Team 2021). We used prior
predictive simulations to establish regularizing priors
and limit overfitting. To compare models with and
without interaction terms, we used leave-one-out
(LOO) information criteria, computed from the log-
likelihood of the posterior samples via the R package
loo (Vehtari et al. 2022). Models were run with 4
Markov Chain Monte Carlo chains, each with an ini-

tial adaptation phase of 1000 iterations and a sam-
pling phase of 10000 iterations (giving 40000 total
samples of the posterior distribution). Good chain
mixing was indicated by visual inspection of trace
plots and density plots, and convergence was con-
firmed by Gelman-Ruben statistics of R < 1.01 and
high numbers of effective sample sizes. We carried
out additional posterior predictive checks to assess
lack of fit between the models and the data (Gabry et
al. 2019), implemented via the bayesplot R package
(Gabry & Mahr 2022). Pareto's K values from LOO
comparisons (with moment matching) were accept-
able for all models. Following McElreath (2020), we
report 89% compatibility (credible) intervals. We
also report the magnitude of overlap between the
posterior parameter distribution and zero (i.e. the
probability of direction) as an index of the strength of
evidence for a parameter's influence on the response.
A smaller overlap with zero indicates stronger evi-
dence for the presence of an effect, though in keep-
ing with Bayesian philosophy, we do not define any
(subjective) hard limit for the probability of direction.

3. RESULTS

In agreement with our expectations, maternal
energy density was negatively correlated with days
since onshore arrival (Pearson's r = -0.49; t = -3.51,
df = 39, p = 0.001), and females with a litter of 1 cub
tended to be of higher energy density than those
with 2 cubs (Fig. 1A; 89% CI = -4.79; -1.38). Fe-
males with COY were of similar energy density to
those with yearlings (Fig. 1B; 89% CI = -1.29; 2.03).

3.1. Associations between lactation and days since
arrival onshore (Model 1)

In Model 1 (with days onshore), LOO Information
Criteria indicated the most parsimonious model
retained an interaction between days onshore and
litter size (Table S2). Lactation probability declined
with days since onshore arrival (overlap with zero
for Yaays onshore < 0.01; Fig. 2A, Fig. S1), with no
clear difference between litter sizes (overlap with
zero for Yjyer size = 0.40). Gross milk energy also
declined with days onshore (Fig. 2B; see f§ para-
meters in Table 3). This decline in milk energy
depended on litter size (overlap with zero for
Bdays onshore x litter size = 0-03; Fig. S1B) and was steeper
for females with litters of 2 cubs than those with 1
cub (Fig. 2B). Cub age class also affected lactation
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Fig. 1. Energy density of fasting female polar bears captured
onshore in Western Hudson Bay with (A) litters of 1 or 2 off-
spring; and (B) accompanied by cubs-of-the-year (COY) or
yearlings. Hollow circles show estimated energy density
(mean of the posterior distribution for each individual, pre-
dicted at the average number of days since onshore arrival:
39 d). Filled circles represent overall mean maternal energy
density and the bars show 89 % credible intervals

performance (Fig. 2C, Table 3): gross milk energy
was lower in females with yearlings (overlap with
zero for Peup age cass = 0.01; Fig. S1B); and there was
some evidence that females with yearlings were
more likely to stop lactating (overlap with zero for
Yeub age class = 0.15). There was no clear evidence for
additional effects of maternal age (Fig. S2A), maternal
energy density, or litter mass (Fig. S2B) on lactation
(overlaps with zero: 0.49, 0.46, and 0.41, respectively;
Fig. S1).

3.2. Associations between lactation and energetic
state (Model 2)

According to LOO information criteria (Table S3),
the most parsimonious version of Model 2 (with energy
density) retained interactions between maternal
energy density and cub age class. Lactation proba-
bility was positively related to maternal energy
density (overlap with zero for Yenergy density = 0.02;
Fig. S3). We also detected some evidence of an effect
of cub age class on lactation probability (overlap with
z€ero for Yeyp age cass = 0.12), whereby females with
yearlings were more likely to stop lactating than
females with COY (Fig. 3A, Table 4). The gross milk
energy produced by females was positively associ-
ated with maternal energy density, but the strength
of this relationship depended on cub age class (over-

lap with zero for Benergy density x cub age = 0.06; Fig. S3B).
Milk energy increased more strongly with energy
density for females with COY than those with year-
lings (Fig. 3B, Table 4). In agreement with Model 1,
there was no clear evidence for an effect of maternal
age (Fig. S4A) or litter mass (Fig. S4B) on lactation in
Model 2 (overlaps with zero: 0.35 and 0.39, respec-
tively; Fig. S3B, Table 4).

3.3. Milk energy reduction and maternal energy
savings (Model 3)

After accounting for positive effects of capture
interval and initial energy density, total storage
energy loss was negatively associated with the ob-
served reduction in milk energy between captures
(Table 5; overlap with zero for B A miik energy = 0.09;
Fig. S5). Females that showed larger reductions in
milk energy content between captures lost less
storage energy during the recapture interval than
females with smaller reductions in milk energy
content (Fig. 4).

3.4. Effects of milk energy reduction on ofispring
(Models 4-6)

All offspring lost mass between recaptures, but we
did not detect any effect of maternal milk energy
reduction on offspring mass loss or storage energy
loss (Table 6, Fig. S6A,B). However, offspring growth
(change in body length) was positively associated
with the difference in maternal milk energy content
between recaptures (overlap with zero for B¢ a mix
energy = 0; Table 6, Fig. 5, Fig. S6C). Offspring growth
in length increased when females had smaller reduc-
tions in milk energy content.

4. DISCUSSION

Our Bayesian hierarchical modelling approach
identified a negative association between days since
onshore arrival and both the gross milk energy
produced by a female and the probability of lacta-
tion. Our second model aimed to explain the mech-
anism underpinning these observed relationships
by testing whether similar trends were evident in
a model that contained just maternal energy den-
sity (and covariates). Overall, our results suggested
that the decline in female lactation performance
was, at least partially, mediated by the energetic
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Fig. 2 (A) Lactation probability and (B) predicted gross milk energy of female polar bears as a function of litter size and days

since onshore arrival, and (C) age of accompanying offspring. Lines in (A) and (B) show the mean of the posterior distribution

and shaded areas show the prediction intervals from the first Bayesian hurdle model [Model 1], where (A) shows the zero

process and (B) incorporates both the zero and continuous process (light, medium, and darker shading = 89, 67, 50 % predic-

tion intervals). Filled circles in (C) show the mean gross milk energy for females with cubs-of-the-year (COY) or yearlings,

black bars show the credible intervals (thicker bar = 67 % CI and thinner bar = 89 % CI), and shaded areas show posterior
distributions. Remaining variables were held at their mean values for predictions

state of the mother, but also by characteristics of
her litter (cub age class, litter size). In keeping with
expected life-history strategies for long-lived spe-
cies (Gaillard & Yoccoz 2003, Hamel et al. 2010,
Festa-Bianchet et al. 2019), females that reduced
the energy content of their milk across the fasting
period used less of their energy reserves, under-
scoring the benefits of reduced lactation for mater-
nal energy savings at the expense of offspring
growth.

4.1. Time spent fasting reduces lactation effort

The decline in lactation performance with days
onshore was in line with our expectations, indica-
ting that females reduce investment in lactation as
the fasting season progresses. Predicted lactation
probability at the start of the onshore period was
close to 100% for both females with COY and
yearlings. After ~3 mo on land, the probability of a
female with COY lactating was 53 % and dropped

as low as 35% for a female with yearlings. This
result closely matches a previous report that only
38 % of observed females with yearlings in Western
Hudson Bay were still lactating by October (De-
rocher et al. 1993). In our study, females that were
capable of sustained lactation nonetheless showed
a declining investment in the energetic quality of
milk produced as fasting time increased, and those
with 2 cubs reduced their milk energy output
more sharply with fasting time than those with a
single cub, indicating that larger litters might
exhaust the reserves a female can allocate earlier
in the fasting period. This was further supported
by females with litters of 2 in our study tending
to be of lower maternal energy density overall
(Fig. 1A). A reduction in milk energy output could
potentially signal impending cessation of lactation
due to the energetic strain of provisioning 2 cubs
(Hurley 1989, Derocher et al. 1993), and may be
a contributing factor in lower cub survival rates
reported in larger litters for this subpopulation
(Derocher & Stirling 1996).
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Table 3. Mean, SD, and 89 % credible intervals of the poste-
rior distribution for the parameters of Model 1 (with days
onshore; see Table 2) that describes lactation probability
and gross milk energy (kJ g~') of female polar bears fasting
onshore in Western Hudson Bay. Posterior distributions for
the parameters of the Bayesian measurement error model
for body composition are also shown. See Eqgs. 1 and 3 for
parameter descriptions

Parameter Mean SD Lower Upper
89 % 89 %
Lactation probability
Weub age class 0.931 0.910 -0.538 2.373
1Penergy density -0.386 0.700 -1.533 0.693
Yiitter size 0.215 0.883  -1.203 1.637
Wdays onshore 1.543 0.625 0.575 2.570
Wmaternal age -0.070 0.628 -1.049 0.941
Yiitter mass 0.358 0.641 -0.665 1.384
1Pdays onshore x litter size 0.374 0.791 -0.895 1.627
g -2.187 0.774 -3.506 -1.061
Oy, 2.127 1.493 0.277 4.772
Gross milk energy
Beub age class -0.413 0.180 -0.694 -0.122
Benergy density 0.005 0.057 -0.086 0.097
Buitter size -0.200 0.128 -0.400 0.007
Baays onshore -0.114 0.062 -0.214 -0.015
Brmaternal age -0.001 0.051  -0.083 0.078
Bitter mass 0.020 0.092 -0.128 0.164
ﬁdays onshore x litter size -0.178 0.097 -0.332 -0.025
Ypo 2.342 0.057 2.254 2.433
Oy 0.096 0.057 0.012 0.192
o 0.187 0.036 0.136 0.249
Measurement error
X 0.934 0.008 0.920 0.945
T 46.356 14.482 25.841 71.665

4.2. Energetic state mediates lactation performance

Although time onshore appeared to have the
stronger effect on lactation, the dependence of both
milk energy content and lactation probability on
maternal energy density matched our expectations
that females moderate investment in cubs based on
their own energetic state. Maternal correlates of
reproductive effort have been established in some
fasting phocids, such as body mass in grey seals Hali-
choerus grypus (Mellish et al. 1999), harbour seals
Phoca vitulina (Bowen et al. 2001), and southern ele-
phant seals Mirounga leonina (Arnbom et al. 1997);
and proportion of adipose tissue in northern elephant
seals M. angustirostris (Crocker et al. 2001). How-
ever, milk production rates in fasting polar bears
were previously found to be independent of body
mass, albeit in a small number of individuals
(Arnould & Ramsay 1994). Even though correlated
with mass (Fig. S7), energy density represents the
ratio of energy reserves to lean tissues (which incur

maintenance costs), and as such, may be a more suit-
able indicator of the fasting capacity of individual
bears than total body mass (Molnéar et al. 2011). By
indicating how much energy is stored relative to how
much is required for self-maintenance, energy den-
sity is potentially a crucial state variable in determin-
ing when females might reduce or terminate re-
source allocation to their young in favour of their own
energetic needs. Reduction in offspring investment
could occur as a direct physiological response to low
body condition and food stress (Flint & Vernon 1998,
Roche et al. 2007, Jonas & Woodside 2016), and/or
via behavioural responses that precede physiological
reductions in lactation output (e.g. rejection of cub
suckling efforts) (Wade & Schneider 1992, Therrien
et al. 2008).

Life-history theory suggests that older females may
increase their investment in offspring to maximise
fitness as they approach the end of their reproductive
lifespan (Williams 1966, Clutton-Brock 1984, Roff
1992). However, there was no signal of increased lac-
tation effort by older bears in our study. In general,
polar bear litter size, litter mass, and reproductive
effort increase with age/experience, before peaking
and declining with senescence (Derocher & Stirling
1994, Folio et al. 2019). Body mass and body fat simi-
larly tends to increase with age to an optimum at
around 15 yr old in female polar bears, followed by a
decline (Derocher et al. 1992, Atkinson & Ramsay
1995). Older bears, despite having more to gain in
fitness terms, may be precluded from investing more
in current reproduction by their reduced accumula-
tion of body reserves prior to initiating fasting. Given
that our sample included only 5 bears that were
approaching the end of their reproductive lifespan
(=18 yr old), it is perhaps more likely that insuffi-
cient data on older individuals limited our ability
to detect any increase in lactation effort with age.
Additionally, we do not know the rate at which older
females may have already lost cubs earlier in the sea-
son, potentially obscuring effects in our sampling
period.

4.3. Offspring age and lactation

Lactation effort was further modulated by cub age
class. For a given energy density, females with COY
were more likely to sustain lactation and to produce
milk of higher energy content than those with year-
lings. Moreover, females with COY that were of
higher maternal energy density also provided more
energy-rich milk, whereas the milk energy from
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Fig. 3. (A) Lactation probability and (B) predicted gross milk
energy of female polar bears as a function of maternal
energy density and the age class of accompanying offspring.
Lines in (A) and (B) show the mean of the posterior distribu-
tion and shaded areas show the prediction intervals from the
second Bayesian hurdle model (Model 2), where (A) shows
the zero process and (B) incorporates both the zero and con-
tinuous process (light, medium, dark shading = 89, 67, 50 %
prediction intervals). Remaining variables were held at their
mean values for predictions

females with yearlings plateaued for females in bet-
ter condition. This partial decoupling of milk energy
from maternal energetic status in females with year-
lings highlights that there is a potential limit to the
investment that mothers of older offspring will make
when fasting. Indeed, given that most yearlings in
this subpopulation will have parted from their
mother by the following breeding season in late
spring/early summer (Stirling et al. 1999), females
may already be shifting to prioritizing resource allo-
cation towards future reproduction efforts (McNa-
mara & Houston 1996), a pattern that broadly agrees
with weaning curves in black bears Ursus ameri-
canus and grizzly bears U. arctos (Farley & Robbins
1995). Interestingly, no difference in gross milk
energy has been observed in females with older cubs
while bears are foraging on the sea ice (Derocher et
al. 1993), underscoring that any decline in lactation
performance with offspring age may depend on
whether females fuel reproductive investment using
incoming environmental energy or are reliant on
their own body reserves. Even after accounting for

Table 4. As in Table 3, but for Model 2 (with maternal energy
density but not days onshore; see Table 2). See Eqgs. 1 and 3
for parameter descriptions

Parameter Mean SD Lower  Upper
89% 89 %
Lactation probability
l"'cub age class 1.047 0.909 -0.419 2.473
wenergy density -1.174 0.594 -2.168 -0.274
Wiitter size 0.059 0.861 -1.307 1.445
wenergy density x cub age -0.003 0.610 -0.945 0.992
Wmaternal age -0.054 0.590 -0.975 0.897
Wiitter mass -0.436 0.818 -1.746 0.864
Wy -1.962 0.734 -3.226 -0.915
Oy 2.039 1.409 0.269 4.468
Gross milk energy
Beub age class -0.330 0.202 -0.650 -0.007
Benergy density 0.018  0.042 -0.050  0.085
Britter size -0.085 0.133  -0.295 0.130
Bmaternal age -0.021 0.056 -0.111 0.068
Britter mass 0.025 0.097 -0.131 0.177
ﬁenergy density x cub age -0.130 0.085 -0.266 0.003
g, 2.415 0.059 2.322 2.508
Op, 0.107 0.058 0.016 0.203
o 0.193 0.037 0.140 0.256
Measurement error
X 0.934 0.008 0.920 0.945
T 46.350 14.541 25852 71.711

Table 5. As in Table 3, but for Model 3 (describing storage

energy loss [MJ] of female polar bears captured twice in the

same season while fasting onshore in Western Hudson Bay;
see Table 2). See Egs. 5 and 6 for parameter descriptions

Parameter Mean SD Lower  Upper
89 % 89 %

Storage energy loss

Bs, A milk energy -0.314 0.188 -0.609 -0.016
Bs, capture interval 0409 0.224  0.056  0.762
65, initial energy density 0.478 0.224 0.123 0.829
Oy 0.624  0.166 0.421 0.917
Measurement error

X 0.942  0.008 0.930 0.953
T 89.885 39.130 37.934 159.444

differences in age and number of offspring, as well as
differences in fasting time and female body condi-
tion/age, considerable intraspecific variation remained
in lactation, suggesting that additional environmen-
tal, intrinsic, and/or genetic factors may further
determine milk production in polar bears.

4.4. Implications for population dynamics

Reduction of female investment in lactation during
the fasting period may have considerable implica-
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Fig. 4. Total storage energy loss and change in milk energy
content of female polar bears that were recaptured during a
single onshore fasting season in Western Hudson Bay. Solid
line shows the mean of the posterior distribution, and shaded
areas show the prediction intervals from the Bayesian model
(light, medium, dark shading = 89, 67, 50 % prediction inter-
vals). Remaining variables were held at their mean values
for predictions

tions for the survival of both a female and her off-
spring. For the female, short-term benefits in energy
savings are clear. For example, previous bioener-
getic models of fasting thresholds, i.e. time until star-
vation based on energetic requirements, estimated
that a female with COY in Western Hudson Bay
could fast for approximately 111 d longer if lactation
ceased immediately upon fasting rather than lactat-
ing throughout (Molndr et al. 2020). The conse-
quences of reduced lactation for cubs are less cer-
tain. In the short term, a reduction in maternal milk
provisioning may limit cub growth, as observed here
and in grey seals (Iverson et al. 1993). Subsequently,
and depending on offspring age and their body con-
dition, cubs may remain with the female sharing her
seal kills, or be weaned and become independent,
or succumb to starvation or other sources of mortal-
ity (e.g. cannibalism, drowning). Though previously
common, independent 1 yr olds are now extremely
rare in Western Hudson Bay (Derocher & Stirling
1995, Stirling et al. 1999), suggesting that most COY
of non-lactating females either die or remain with
their mother for an additional year. Declining cub
survival rates in years of poor sea ice and longer peri-
ods fasting onshore point towards cub mortality
becoming increasingly likely if females stop lactating
(Derocher & Stirling 1996, Regehr et al. 2007). For
yearlings, which are closer to weaning and hence
less reliant on milk, reductions in lactation may be
buffered in the short term if the cub has accumulated
sufficient energy stores of its own to survive the fast-
ing period. Nonetheless, any declines in cub growth
or body condition may carry over and potentially

Table 6. Mean, SD, and 89 % credible intervals of the poste-
rior distribution for the parameters of the models describing
change in body mass (kg), storage energy (MJ), and straight-
line body length (cm) of polar bears cubs captured twice in
the same season while onshore in Western Hudson Bay (Mod-
els 4-6; see Table 2). See Eqgs. 7-9 for parameter descriptions.

Parameter Mean SD Lower Upper
89 % 89%

Body mass

Be, A milk energy -0.106  0.135 -0.318 0.105

Be, capture interval 0416 0.136  0.201  0.628

Be, initial mass 0.826 0.134 0.612 1.035

O 0.539 0.114 0.392 0.743

Storage energy

Be, A milk energy -0.212 0.247 -0.600 0.173

Be, capture interval 0.029 0238 0351  0.403

ﬁc, initial storage energy 0.591 0.253 0.183 0.985

O 0.868 0.212 0.603 1.246

Straight-line body length

Be, A milk energy 0.831 0.160 0.583 1.094

Be, capture interval 0.316  0.081 0.194  0.452

Be, initial length 0.709 0.146 0.481 0.946
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Fig. 5. Offspring growth (difference in straight-line body
length) in response to the change in maternal milk energy
content between captures during the onshore fasting period
in Western Hudson Bay. Solid line shows the mean of the
posterior distribution, and shaded areas show the prediction
intervals from the Bayesian model (light, medium, dark shad-
ing = 89, 67, 50 % prediction intervals). Remaining variables
were held at their mean values for predictions

affect subsequent survival post-weaning (Derocher &
Stirling 1996, Dahle et al. 2006). Moreover, structural
size in juvenile bears has been linked to subsequent
size as adults (Atkinson et al. 1996, Richardson 2014),
meaning reduced milk quality and knock-on effects
on cub growth may play a role in a shift towards
smaller adult body sizes. A decline in body size has
been observed in Western Hudson Bay adult fe-
males (Derocher & Stirling 1995, Atkinson et al. 1996,
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Sciullo et al. 2016) and also in the Southern Beaufort
Sea subpopulation, where many bears have been
forced onshore or onto suboptimal sea-ice habitat for
prolonged periods (Rode et al. 2010).

Earlier sea-ice melt and later freeze-up dates have
extended the fasting period for Western Hudson Bay
polar bears to ~3-4 wk longer than pre-1980 (Lunn et
al. 2016, Molnar et al. 2020). Associated declines in
body condition indicate that bears are becoming in-
creasingly energetically stressed (Stirling et al. 1999),
and lactation performance is likely already compro-
mised as a result (Molnar et al. 2020). However, to our
knowledge, research to evaluate the milk energy con-
tent of lactating polar bears on land has not occurred
in almost 3 decades. Contemporary measurements of
milk energy content and lactation performance, and
comparisons with other subpopulations, would offer
important insight into whether the mechanisms and
functional dependencies identified in our study have
changed, and how these may differ between sub-
populations. Sea-ice loss from climate warming is
projected to continue (IPCC 2019), while prey pro-
ductivity and/or distribution may also be affected by
changing environmental conditions. To quantify the
exact consequences for demographics, the fate of off-
spring once a female reduces or terminates lactation
effort is an area for further exploration, particularly
given that rapid Arctic warming will increasingly
force individuals to undertake longer periods without
access to primary prey.
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and approved by the Animal Care Committee of the Univer-
sity of Saskatchewan.
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