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abstract: Animals initiate, interrupt, or invest resources in reproduction in light of their physiology and the environment. The
energetic risks entailed in an individual’s reproductive strategy can
inﬂuence the ability to cope with additional stressors, such as anthropogenic climate change and disturbance. To explore the tradeoffs between internal state, external resource availability, and reproduction, we applied state-dependent life-history theory (SDLHT) to
a dynamic energy budget (DEB) model for long-ﬁnned pilot whales
(Globicephala melas). We investigated the reproductive strategies
emerging from the interplay between ﬁtness maximization and propensity to take energetic risks, as well as the resulting susceptibility
of individual vital rates to disturbance. Without disturbance, facultative reproductive behavior from SDLHT and ﬁxed rules in the DEB
model led to comparable individual ﬁtness. However, under disturbance, the reproductive strategies emerging from SDLHT increased
vulnerability to energetic risks, resulting in lower ﬁtness than ﬁxed
rules. These fragile strategies might therefore be unlikely to evolve
in the ﬁrst place. Heterogeneous resource availability favored more
cautious (and thus more robust) strategies, particularly when knowledge of resource variation was accurate. Our results demonstrate
that the assumptions regarding the dynamic trade-offs underlying an
individual’s decision-making can have important consequences for
predicting the effects of anthropogenic stressors on wildlife populations.
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Introduction
Over the course of their lives, animals make decisions
(i.e., choose a behavior from a suite of options) in light
of their current physiological state, their experiences, and
the state of the environment (Stearns 1992). Decisions such
as when to reproduce, when to abandon an ongoing reproductive attempt, or how much energy to transfer to offspring are central to an individual’s ﬁtness and emerge from
the trade-off between the cost of current investments and
future reproductive potential (Hirshﬁeld and Tinkle 1975).
This trade-off is particularly relevant for long-lived species, which often have the option to delay or abandon reproduction and compensate later, when conditions are
more advantageous (Eberhardt 2002). The reproductive
strategies resulting from these decisions can lead to interindividual variation in the age at ﬁrst reproduction, the interval between reproductive attempts, and the pattern of
parental care. This variation will entail varying levels of
risk among individuals, where risk is deﬁned as the potential for a reduction in individual vital rates that results
from behavior leading to a poor energetic state.
Within its physiological constraints, an animal in optimal body condition is more risk tolerant, because energy
reserves provide a buffer against variability in energy intake
from food resources (Zera and Harshman 2002). Moreover,
the propensity for risky behavior is predicted to vary over
time because of changes in the reproductive potential of
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the individual and variation in resource availability (Frank
and Slatkin 1990; Roff 1993). In environments with high resource availability that does not vary or varies in ways that
individuals can anticipate (i.e., predictably), animals can
take more risks associated with reproduction, because the
reliability of resources means that they can cover unanticipated costs. In contrast, unpredictable ﬂuctuations in resource availability over time may lead to a more cautious
strategy—where an individual avoids situations that could
endanger its survival—and to greater behavioral plasticity
(Snell-Rood 2013). Thus, the intensity and predictability
of resource variation will determine the optimal reproductive strategy (Dall and Johnstone 2002).
Life-history traits inﬂuence the susceptibility of a population to new stressors in the environment (Stark et al.
2004; Sibly et al. 2013), such as climate change or disturbance resulting from human activities. Aside from purely
physiological responses (e.g., increased stress levels) and
acute repercussions on individual vital rates (e.g., injury or
death), the effect of disturbance-inducing stressors will be
mediated by a disrupted energy balance via the interruption of foraging activity or the costs of avoidance, which
will affect the ability to invest in growth, survival, and reproduction (Pirotta et al. 2018a, 2019). When resource availability is heterogeneous, the consequences of anthropogenic
disturbance could be severe if the disturbance coincides
with periods of low resource availability (Costa 2012; Hin
et al. 2019). In a predictable environment, disturbance may
also have an impact on individual vital rates if reproductive decisions have evolved to favor energetic risks and
lack of plasticity (Meyers and Bull 2002; Hendry 2016).
In these ways, disturbance could lead to markedly different outcomes depending on the reproductive strategy and
associated propensity to take energetic risks.
Assessments of the population-level effects of disturbance from human-related stressors are required under
many regulatory frameworks (e.g., European Habitats Directive 92/43/EEC; US Marine Mammal Protection Act,
16 US Code § 1361 et seq.; and Endangered Species Act,
16 US Code § 1531 et seq.). However, quantifying the
long-term effects of physiological and behavioral changes
is challenging (Gill et al. 2001; National Academies 2017).
To bridge the gap between observable responses and
management requirements, the population consequences
of disturbance (PCoD) framework formalizes the functional steps linking short- and long-term population-level
effects (Pirotta et al. 2018a). While originally developed
for disturbances affecting marine mammals, the PCoD
framework has broad applications in both marine and
terrestrial systems. The links between behavioral changes
and individual physiological state, which inﬂuence individual vital rates and are required by the PCoD framework, are in most contexts difﬁcult to empirically quantify.

However, bioenergetic models of an individual’s energy
uptake and allocation have been successfully used to inform these links (Farmer et al. 2018; McHuron et al.
2018; Pirotta et al. 2018a, 2018b, 2019; Hin et al. 2019).
The dynamic energy budget (DEB) model framework
used by Hin et al. (2019) provides an example that relies
on simple decision rules that are ﬁxed functions only of
the internal state of the animal and are hence not derived
from ﬁtness optimization in speciﬁc environments (Kooijman 2009). Once a DEB model is developed, disturbance
can be simulated as an additional component, offering a
tool for managers to assess proposed activities before consent. However, assumptions on the rules of energy allocation, particularly around the interplay between maximizing reproductive output and minimizing energetic risk,
could have a strong inﬂuence on emerging behavioral
and reproductive patterns and thus on the predicted effects
of simulated disturbance.
In contrast to the ﬁxed rules underpinning DEB models, state-dependent life-history theory (SDLHT) uses stochastic dynamic programming (SDP) to identify behavioral and reproductive strategies that maximize a given ﬁtness
criterion. Strategies in SDP are summarized as a matrix
of decisions that maximize expected lifetime reproductive
output (our adopted ﬁtness measure) as a function of time
and internal and external state (Mangel and Clark 1988;
Houston and McNamara 1999; Clark and Mangel 2000).
Therefore, this approach explicitly explores the multidimensional space in which animals make decisions. Derived, optimized behaviors can then be used in simulations to predict an individual’s ﬁtness without and with
exposure to additional disturbance sources (McHuron
et al. 2017, 2018; Pirotta et al. 2018b, 2019). These models
can also be used to investigate how various sources of uncertainty—both in resource availability and in an individual’s knowledge of the system—affect decisions and the
resulting life-history strategies. More generally, this framework addresses the question of the propensity for risktaking and how it varies depending on the physiology of
an organism and available resources.
In this study, we use SDLHT to explore the role of propensity for risk-taking and its interplay with ﬁtness on an
individual’s reproductive strategy. Speciﬁcally, we reformulate an existing DEB model for a long-lived marine mammal species—the long-ﬁnned pilot whale Globicephala melas
(Hin et al. 2019)—using SDP and compare how life-history
strategies derived from ﬁxed and ﬁtness-maximization rules
affect an individual’s susceptibility to disturbance. We then
explore the role of physiological constraints to reproductive investments, heterogeneous resource availability, and
individual knowledge of the environment on the propensity for risk-taking and the predicted effects of disturbance.
We also show how SDP models can be used to quantify the
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sensitivity of predictions from DEB models with respect to
their ﬁxed underlying rules.
Methods
Dynamic Energy Budget Model
Hin et al. (2019) developed a bioenergetic model for the
acquisition and use of energy of a female medium-sized cetacean, which they parametrized using data on long-ﬁnned
pilot whales. Their model was built on the DEB model developed by de Roos et al. (2009) and describes energy acquisition from feeding (and, for a calf, suckling) and female
energy allocation to metabolism, growth in body size, pregnancy, and lactation. Energy acquisition from feeding depends on the density of resources on a given day of the year,
! ⋅ [1 1 A ⋅ sin(2pt=365)], where R
! represents
t, R(t) p R
the mean resource density and A represents the relative
amplitude of seasonal resource variation. Available energy
is stored in a reserve compartment, mainly composed of fat
stored in adipose tissue. Body condition, as indicated by
the size of these reserves relative to total body mass, affects
an individual’s ability to survive and reproduce and is thus
an important indicator of health. An individual’s target
body condition, r (deﬁned as the body condition at which
feeding effort is 50% of the maximum rate), is assumed to
be constant and equal to 0.3. The authors also deﬁne a starvation threshold rs p 0:15, below which an individual experiences starvation-induced mortality.
Hin et al. (2019) use a series of rules to determine when
a female initiates reproduction and how much energy she
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invests in her calf. These rules are ﬁxed, in the sense that
they are deﬁned a priori and depend only on female internal state (i.e., her body condition). Brieﬂy, a female is assumed to initiate a reproductive cycle whenever her reserve
mass exceeds a threshold that corresponds to the energy required to offset starvation and the costs of fetal growth and
development. Once a cycle is initiated, abortion is not possible, even if the female’s state changes drastically. However, after the calf is born and the female is lactating, she
regulates milk provisioning in response to her body condition, given the requirements of the calf (ﬁg. 1). These
requirements depend on body condition and age of the calf.
Relative milk provisioning from the mother declines with
decreasing body condition and equals one when her condition is equal to the target r and zero when her condition
falls below the starvation threshold rs (ﬁg. 1C). Consequently, the female may entirely cease to provide milk before the end of the lactation period (for more details, see
Hin et al. 2019 and app. A; apps. A–G are available online).
Hin et al. (2019) used the model to predict the consequences of anthropogenic disturbance—simulated as a period of no feeding activity of variable duration (5–50 days)
recurring every year—on life expectancy, lifetime reproductive output, age at ﬁrst reproduction, age at ﬁrst weaning, and interbirth interval. Survival is determined by two
processes: age-related mortality and starvation-induced mortality; however, only starvation-induced mortality was considered when assessing the consequences of disturbance across
the entire lifetime of a female. Age-related mortality was used
to calculate expected lifetime reproductive output, which
represents the joint outcome of survival and reproduction.

Figure 1: Rules determining the amount of milk delivered by the female during lactation in Hin et al. (2019), assuming target body condition r p 0:3 and starvation threshold rs p 0:15. A, Feeding effort of the calf as a function of its body condition. B, Milk feeding efﬁciency,
declining over the course of lactation (i.e., for increasing calf age). C, Milk provisioning as a function of female body condition; this last
component was modiﬁed to a binary decision in the stochastic dynamic programming model.
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Stochastic Dynamic Programming Adaptation

Building on the underlying DEB model of Hin et al. (2019),
we used SDLHT (Mangel and Clark 1988; Houston and
McNamara 1999; Clark and Mangel 2000) to allow three
decisions to be facultative: (1) initiating a new reproductive
cycle, (2) interrupting an ongoing pregnancy (i.e., aborting
the fetus), and (3) delivering the milk required by the calf
on a given day (as in ﬁg. 1A, 1B), thus replacing the relationship with female body condition in ﬁgure 1C. SDHLT
requires the deﬁnition of a set of physiological state variables (here, given female age: female body condition and,
when applicable, waiting stage, fetus age, calf age, and calf
body condition; see below) that vary in response to individual reproductive behavior and external resource availability, as well as a measure of Darwinian ﬁtness (here, female lifetime reproductive output; see below). At every age
a (in days) of the female, we used SDLHT to identify the
optimal reproductive decision—that is, the decision that
maximized expected lifetime reproductive output from
age a onward given the current values of the state variables. The expectation was taken over stochastic events
of mortality.
We restricted the option to initiate a reproductive cycle
to 12 times per year, thus constraining birth and weaning
dates. This simpliﬁcation allowed us to retain female ability to reproduce throughout the year, while making the
model computationally feasible. We take t to indicate
the day of the year (DOY, varying between 0 and 364 days).
We set t p 0 days to the middle of spring (i.e., when
resource density is at its mean value and increasing, as
in Hin et al. 2019), and hereafter, all relevant dates are
presented under the assumption that the simulated
female was born (i.e., age a p 0 days) on t p 260 days
and entered the model in the fourth year after birth on
t p 23 days, as a newly weaned individual aged a p
T L p 1,223 days. A female pilot whale may live up to
60 years (Hin et al. 2019). We set maximum age to the
ﬁrst possible weaning date (t p 268 days; table 1) after
reaching 60 years, resulting in a time horizon of T p
365 days/year ∙ 60 years 1 (268 days 2 260 days) p
21,908 days.
Reproductive States and State Transitions
Throughout her life, a female can be in one of ﬁve reproductive states (McHuron et al. 2018): (1) resting (not
waiting, not pregnant, and not lactating), (2) waiting,
(3) pregnant, (4) lactating, or (5) lactating and waiting
(during the last year of lactation). For a female that has
decided to initiate reproduction, the waiting state represents the average time required until the beginning of pregnancy, given ovulation rate and the chance of successful insemination (Hin et al. 2019).

Starting 1 year after the female is weaned (Hin et al.
2019), a resting female can decide to enter the waiting
state 12 times per year (on DOY tw; table 1). She then must
wait T D p 445 days before the onset of pregnancy (on
DOY tp; table 1). Unless a female aborts the fetus, the
calf is born after T P p 365 days (on DOY tb p tp ). After
T L p 1,223 days, a calf is weaned (on DOY tl; table 1).
In the last 365 days of lactation, a female can decide to enter the waiting state and initiate a new reproductive cycle
on DOY tw.
State Variables and Mortality
We characterize a female of age a by ﬁve state variables
(table 1), the ﬁrst being her condition X(a), expressed as
the ratio B(a)/W(a), where B(a) represents the mass of
fat reserves, W(a) p B(a) 1 S(a) represents total body
mass, and S(a) represents age-dependent structural mass.
When a female is pregnant, W(a) p B(a) 1 S(a) 1 Sf (tp ),
where Sf (tp) represents the mass of the fetus given fetal age
tp p T(a). The state variable X(a) varies between xmin p 0
and xmax p 0:31. For computational reasons, we varied
female body condition in increments of 0.01. The second
state variable is the condition of her calf Xc(a) (when the female is lactating)—that is, the ratio of calf reserve to total
body mass Bc (a)=W c (a). Given the calf ’s current age ac p
Ac (a), W c (a) p Bc (a) 1 S(ac ). For X c(a), we used the
same extremes and increment size as X(a). The third
state variable is the number of days in the current waiting
state D(a), varying between 0 and T D p 445 days, the duration of the waiting period. The fourth state variable
is the number of days in the current pregnant state T(a) (i.e.,
the age of the fetus), varying between 0 and T P p 365 days,
the duration of gestation. The ﬁfth state variable is the number of days in the current lactating state Ac(a) (i.e., the age of
the dependent calf), varying between 0 and T L p 1,223 days,
the duration of lactation. The state variable X(a) applies
to all reproductive states, whereas the other state variables
apply only to speciﬁc reproductive states (for details of the
state-dependent dynamics of the state variables, see app. C).
We let M(a) represent age-related daily probability of mortality (when applicable) and Ms(B(a), W(a)) represent the
starvation-induced daily probability of mortality (table 1;
for a discussion of the form of these functions, see Hin et al.
2019).
Fitness Function and SDP Equations
A female’s ﬁtness is deﬁned as her expected lifetime
reproductive output. Lifetime reproductive output increases whenever a calf is successfully raised until weaning (Ac (a) p T L ), as deﬁned by the indicator function:
φ[Ac (a)] p 1 if Ac (a) p T L and 0 otherwise. Details of
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Table 1: Overview of main model variables and parameters
Variable, parameter

Description

Value

t
!
R
A
R(t)
a
s
X(a) p x
Xc(a) p xc
D(a) p d
T(a) p tp
Ac(a) p ac
xmin
xmax
xc0
X(TL)
r
rs
T
TD
TP
TL
tw
tp
tb
tl
B(a)
S(a)
Sf[T(a)]
W(a)

Day of the year (DOY)
Mean resource density
Amplitude of seasonal resource variation
Resource density on DOY t
Female age
Female reproductive state
Female body condition
Calf body condition
No. days in current waiting state
No. days in current pregnant state
No. days in current lactating state
Minimum body condition
Maximum body condition
Calf condition at birth
Female initial condition
Target body condition
Starvation threshold
Time horizon (maximum age)
Duration of waiting period
Duration of gestation
Duration of lactation
DOY on which a female can initiate waiting
DOY on which a female can implant
DOY on which a female can give birth
DOY on which a female can wean her calf
Mass of fat reserves
Structural mass
Fetus mass
Total body mass

Bc(a)
Wc(a)
φ[Ac(a)]
F s (x, :::, a)

M(a)

Calf reserve mass
Calf total body mass
Increment in lifetime reproductive output
Maximum expected accumulated lifetime
reproductive output for a female of age a
in state s
Age-related mortality

0–364 days
1.8 (in model V1)
0, .15, .3, .45
! ⋅ [1 1 A ⋅ sin(2pt=365)]
R
TL–T
1–5
xmin–xmax
xmin–xmax
0–TD
0–TP
0–TL
0
.31
.15
.264
.3
.15
21,908 days
445 days
365 days
1,223 days
0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330 days
15, 45, 80, 110, 140, 170, 200, 230, 260, 290, 320, 350 days
15, 45, 80, 110, 140, 170, 200, 230, 260, 290, 320, 350 days
23, 53, 83, 113, 143, 173, 208, 238, 268, 298, 328, 358 days
See Hin et al. 2019
See Hin et al. 2019
See Hin et al. 2019
B(a) 1 S(a) 1 Sf[T(a)] when pregnant, B(a) 1 S(a)
otherwise
See Hin et al. 2019
Bc(a) 1 S[Ac(a)]
1 if Ac(a) p TL, and 0 otherwise
See appendix B (available online)

Ms(B(a), W(a))

Starvation-induced mortality

a1 · e–b1 · a 1 a2 · e–b2 · a, where a1 p 4.01e–4, a2 p 6.04e26,
b1 p 5.82e24, and b2 p 3.01e24 (for details, see Hin et al.
2019)
ms · [rs · W(a)/B(a) 2 1]1, where ms p .2 (for details, see Hin
et al. 2019)

Note: The irregular spacing of tp, tb, and tl is caused by the year lasting 365 days and the last interval among tw thus being 5 days longer than all others.

the SDP equations are reported in appendix B. We solved
SDP equations backward in time, starting from the last
day of a female’s life (a p T), using Rcpp (Eddelbuettel
and Francois 2011) for R (R Core Team 2019). Doing
so generated the matrices of optimal time- and statedependent decisions that maximized future female lifetime
reproductive output for every combination of her state
variables at age a.

Simulated Scenarios
We used the matrices of optimal reproductive decisions
obtained from SDP in Monte Carlo simulations (forward
iteration) to model the state dynamics, survival, and lifetime reproductive output of 1,000 females from weaning
until death. We replicated the environmental and anthropogenic disturbance scenarios in Hin et al. (2019; table A1;
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tables A1, E1, and F1 are available online). Simulated disturbance represents worst-case, extreme scenarios that were
used for demonstration. We followed Hin et al. (2019) and
set female initial condition X(T L ) p 0:264. The Rcpp code
for the backward and forward iterations of the model is
available in a zip ﬁle as well as in the Open Science Framework repository: https://osf.io/g8dq2 (Pirotta et al. 2020).1
Fitness Beneﬁt of Alternative Reproductive Decisions
To investigate the processes affecting an individual’s
decision-making, we deﬁned the ﬁtness beneﬁt of a speciﬁc
reproductive decision over a particular alternative as the difference between their respective ﬁtness values (see app. D).
A negative value indicated a ﬁtness cost. We extracted ﬁtness values from a model with age-related mortality, a mean
! p 1:8, and no seasonality A p 0. We
resource density R
also assessed changes in the ﬁtness beneﬁt for varying re! p 1:6 and R
! p 2, ﬁxing A at 0) and
source densities (R
amplitudes of seasonality (A p 0:15 and A p 0:3, ﬁxing
! at 1.8).
R
Model Variants
There may be constraints to the timing and amount of
a female’s energy investment toward reproduction—for
example, a minimum body size before she can reproduce
(Martin and Rothery 1993; Sand 1996) or some physiological regulation of the volume or quality of the milk
transferred to the calf (Crocker et al. 2001; Chan-McLeod
et al. 2009). These constraints will affect the sensitivity
and ﬂexibility of her reproductive strategy when experiencing unforeseen food limitation (e.g., as a consequence
of disturbance). Moreover, different baseline levels of resource variability will imply different expectations of future resource availability, affecting a female’s willingness
to take energetic risks, but this will depend on her knowledge of resource availability and distribution in heterogeneous landscapes (Dall and Johnstone 2002). Therefore,
we developed a series of variants of the basic model (hereafter, version V1) to investigate the role of different components of female reproduction (version V2), resource
availability (versions V3 and V4), and individual knowledge of resource availability (version V4) in determining
the emerging reproductive strategy, a female’s willingness
to take energetic risks, and the consequences for female
susceptibility to anthropogenic disturbance (tables 2, F1).
In these variants, we excluded the effect of age-related mor-

1. Code that appears in The American Naturalist is provided as a convenience to readers. It has not necessarily been tested as part of peer review.

tality—that is, a female (and her calf ) could die only due to
starvation—and we assumed that mean resource density
! p 1:8.
was R
Version V2: Graded Milk Delivery. Rather than limiting
milk delivery to the calf to all the milk required or no milk
at all, we let a lactating female decide to deliver 0%, 25%,
50%, 75%, or 100% of the milk required each day (model
V2.1). As in model V1, the decision on lactation replaced
the dependence on female condition in the DEB model
(as in ﬁg. 1C). This version enabled us to test whether
model results were affected by a female’s lactation strategy, particularly her ability to ﬁne-tune the amount of milk
delivered. As an additional constraint on top of graded
milk delivery, we tested the effect of a minimum age at
ﬁrst reproduction (age at ﬁrst reproduction ≥8.68 years;
model V2.2).
Version V3: Daily Resource Variation. We introduced
stochastic (uncorrelated) daily variation in resource availability. For simplicity, we restricted this assessment to three
potential resource conditions: average, 50% higher than average, and 50% lower than average. On 90% of days, resources were in average condition—that is, the realized
~ p
density of resources on a given day t of the year R(t)
R(t). For the remaining days, the realized resource density
had an equal chance of being either 50% higher (i.e.,
~ p R(t) ⋅ 1:5) or 50% lower (i.e., R(t)
~ p R(t) ⋅ 0:5)
R(t)
than the average conditions R(t). In practice, in the backward iteration a female’s decision was based on the weighted
mean of the ﬁtness values associated with the three resource conditions (average, 50% higher, and 50% lower),
given the probabilities of these conditions occurring. In
the forward iteration, a multinomial draw determined
the resource condition a female encountered on any given
day. For simplicity, this variant was tested only under two
seasonality scenarios: A p 0 and A p 0:15.
Version V4: Yearly Resource Variation. We allowed resource availability to vary on a yearly scale: in good years,
! ⋅ 1:1, while in bad years, R!b p R
! ⋅ 0:9. There was
!g p R
R
a 70% probability of resource availability persisting from
one year to the next. We varied the level of knowledge of
resource availability that a female had. In model V4.1, a
female optimized her strategy under the assumption that
resources varied on a daily scale; in other words, she accounted for bad resource availability but had no understanding of the temporal scale of the variation or memory of previous conditions. In model V4.2, the female knew
that resources varied from year to year and behaved in
light of a correct perception of the current condition
and the expected transition probabilities between conditions. If a female was disturbed on a given day, she used
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Table 2: Summary of model variants implemented in the state-dependent life-history theory approach
Model variant

Description

V1

Basic model

V2

Graded milk delivery

V3

Stochastic daily resource
variation
Yearly resource variation

V4

Milk delivery

Resource variability

Binary (0% or 100% of
calf requirements)
Graded (0%, 25%, 50%,
75%, or 100% of calf
requirements)
Binary (0% or 100% of
calf requirements)
Binary (0% or 100% of
calf requirements)

the optimal strategy for bad yearly conditions in the following day. For these variants, we tested two seasonality
values: A p 0 and A p 0:15.
Results
Baseline Scenarios without Disturbance
In the absence of disturbance, mean life-history statistics
were largely comparable to the ones obtained by Hin
et al. (2019), with and without age-related mortality and
with varying amplitude in resource seasonality (table E1;
cf. ﬁgs. 2–4 in Hin et al. 2019). Without age-related mortality, females avoided starvation-induced mortality and
survived until the maximum age, with the exception of scenarios with the largest amplitude of seasonal resource variation A p 0:45, where many females died at a young age
when their maximum reserves could not buffer periods of
low resource availability. As in Hin et al. (2019), lifetime
reproductive output was dictated by the length of time
required for a reproductive cycle, resulting in 11 calves
(i.e., 5.5 female calves on average). Lifetime reproductive
output decreased at amplitudes of seasonality greater than
A p 0:15. Overall, females tended to start reproducing
earlier than in the DEB model, as reﬂected in the lower
age at ﬁrst reproduction, but the ﬁrst attempt was unsuccessful, and thus age at ﬁrst weaning was higher. This
ﬁrst failed attempt also led to a slightly shorter interbirth
interval.
Despite the similarities in realized vital rates, the ability
of a female to choose to deliver milk affected the time series of her and the calf ’s reserve mass (ﬁg. E1 [ﬁgs. E1–E10
and F1–F8 are available online]; cf. ﬁg. 2 in Hin et al.
2019). The best strategy for a female in a nonseasonal environment was to deliver milk consistently in the ﬁrst
phase of lactation and then nurse irregularly during the
calf ’s transition to autonomous feeding, trading off her

Amplitude of
seasonality

No

0, .15, .3, .45

No

0, .15, .3, .45

Daily, 50%

0, .15

Yearly, perceived as daily (V4.1);
yearly, correctly perceived, adjusting
reproductive behavior following
disturbance (V4.2)

0, .15

own and the calf ’s condition (ﬁg. E2). The female interrupted milk delivery earlier than in the DEB model, anticipating the moment she began to rebuild her own reserves
and thus extending the time spent in better condition at
the expense of the calf. As a result, she was able to achieve
a higher peak condition and maintain higher condition
when not lactating (ﬁg. E1; cf. ﬁg. 2 in Hin et al. 2019).
In a seasonal environment, she alternated periods of milk
delivery with periods of no delivery, but she still reduced
milk delivery earlier than in the DEB model, as reﬂected
in the time series of her body condition (ﬁg. E3; cf. ﬁg. 3
in Hin et al. 2019). Reserve dynamics were also affected
by her inability to modulate the amount of milk delivered,
which resulted in her condition declining more rapidly
during lactation, reaching a lower trough.
Differences in Fitness between Alternative
Reproductive Decisions
On the basis of the ﬁtness beneﬁt (i.e., the difference in future, expected lifetime reproductive output) of entering the
waiting state, model V1 predicted that individuals initiated
a reproductive cycle whenever possible because waiting
had no energetic cost. The exception was a short window
of time at a young age when females were too small to
sustain the costs of reproduction and attempting to do
so caused the loss of a safer opportunity later (ﬁg. 2). After peaking around age 10, the relative advantage of entering the waiting state decreased with age as reproductive
potential decreased. The ﬁtness beneﬁt also decreased
with body condition for females that were starving (i.e.,
X(a) ≤ 0:15). When X(a) ∼ 0:08 or less, there was no difference in ﬁtness between waiting and resting, because
females were unlikely to be able to sustain a complete reproductive cycle (i.e., these attempts would likely be abandoned at the pregnancy stage; see below). These ﬁndings
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Initiate waiting

Keep resting

Initiate waiting

Keep resting

Figure 2: Difference in ﬁtness value in model V1 between the decision to initiate the waiting period and the decision to keep resting, highlighting the costs or beneﬁts of engaging in reproduction as a function of age by condition of the female (A) and as a function of condition
by age (B). Peaks in ﬁtness difference in A are due to the restriction on the dates for the initiation of waiting: some dates correspond to a
higher beneﬁt because they warrant an extra calf at the end, starting from the last peak corresponding to the last calf that can be raised to
weaning.

held true for the decision to start waiting when already
lactating: the age and condition of the suckling calf had
little to no effect on ﬁtness differences (ﬁg. E5).
Early in gestation, it was generally more advantageous
in model V1 to continue the pregnancy even when in poor
condition, because of the small associated costs (ﬁg. 3).
However, as gestation progressed, aborting could become
the better choice if females were in poor condition. In general, ﬁtness differences between choices were stronger
in the later stages of gestation, when gestation costs were
higher. The advantage of continuing a pregnancy decreased
as age increased because of the smaller remaining reproductive potential. The inﬂuence of body condition on the
decision was also stronger at younger ages, with mostly
younger individuals aborting in poor condition. The threshold of condition for continuing a pregnancy to be beneﬁcial over abortion was also higher for younger females.
In extremely poor condition, there was no difference in
ﬁtness between decisions, because females were unlikely
to survive.
Regarding milk delivery, our model predicted that it was
advantageous for females to deliver milk when they were
not starving (X(a) 1 0:15) and the calf was in poor (but
not very poor) condition (0:02 ! X c (a) ≤ 0:15; ﬁg. 4).
The models predicted that females below the starvation
threshold did not deliver milk. For intermediate values of

female and calf body condition, there was a switch in optimal decision as age increased (ﬁg. 4), because the same
body condition for older females corresponded to a larger
absolute reserve mass, and these females could therefore
deliver milk at lower relative risk. Similarly, the threshold
of condition at which it started to be advantageous to deliver milk decreased with age. As for other reproductive
decisions, the decision to deliver milk made no difference
for females in very poor condition, because they were unlikely to survive, or for very old females, with little reproductive potential. The decision to deliver milk while both
waiting and lactating was inﬂuenced by female and calf
age and condition in the same way as for females that were
only lactating (ﬁg. E6).
Seasonal resources caused oscillations in ﬁtness outcomes for all decision processes over the course of the
year. There were periods when it was particularly advantageous to initiate the waiting period; this depended on
the alignment of later phases of the reproductive cycle
(pregnancy and lactation, which have a substantial energetic cost) with the oscillations of resource availability (e.g.,
ﬁg. E7). Moreover, there was a tendency to delay the ﬁrst
reproductive attempt, because the associated risk increased
with seasonality. The decision to continue a pregnancy
was less affected by seasonality, which primarily changed
the magnitude of the ﬁtness advantage of continuing
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Figure 3: Difference in ﬁtness value in model V1 between the decision to continue a pregnancy and the decision to abort the fetus, highlighting the costs or beneﬁts of continuing pregnancy as a function of age by condition of the female (A) and as a function of condition by
age (B) at ﬁve stages of gestation (after 1, 100, 200, 300, or 363 days of gestation). The oscillations in ﬁtness beneﬁts in A emerge from the
constraints on the timing of reproduction and depend on which timings ensure weaning a calf on the last day of life. For some gestation
stages, these oscillations are more apparent because of the relative size of the associated ﬁtness (there is either a greater beneﬁt of continuing
pregnancy or a greater cost of interrupting it, depending on the energy that has already been invested).

pregnancy. Finally, seasonal oscillations in ﬁtness differences could result in a shift in the decision to deliver milk
at a given time of the year. For example, not delivering milk
tended to be preferred in winter—when resource availability was lower—by females in sufﬁciently good condition
(e.g., ﬁg. E8).

When mean resource density was high, the advantage
of initiating a reproductive cycle, continuing pregnancy,
and delivering milk extended to younger ages and females
in comparatively poorer body condition (e.g., ﬁg. E9). In
contrast, lower resource availability caused a reduction
in the overall ﬁtness beneﬁt of these decisions and a delay

A

B

Figure 4: Difference in ﬁtness value in model V1 between the decision to deliver milk and the decision to not deliver milk, highlighting the
costs or beneﬁts of lactation as a function of female age by female condition (A) and as a function of female condition by female age (B),
given the dependent calf ’s age (rows; newborn, 1, 2, or 3 years) and condition (columns; 0.31, 0.21, 0.12, or 0.02).
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in reproduction until later in life, when females were larger
and thus had larger absolute reserves (e.g., ﬁg. E9).
Disturbance Scenarios
Mean life-history statistics were strongly affected by disturbance (table E1; ﬁgs. 5, 6), and overall, the effects of
disturbance on ﬁtness were larger than those predicted
by the DEB model (Hin et al. 2019). Under most disturbance scenarios, lifetime reproductive output collapsed,
with most calves not surviving to weaning and the interbirth interval decreasing as the female attempted to
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initiate new reproductive cycles. Postweaning life expectancy was also reduced, although comparatively less than
lifetime reproductive output and more so in more seasonal environments. In general, individuals attempted to
reproduce early in life. While this strategy bore no cost in
the absence of disturbance, it caused most of these young
females to approach the starvation threshold and then die
when feeding was impeded by disturbance. When the amplitude of seasonality was low (A ≤ 0:15), females that survived through this initial bottleneck performed well for the
remainder of their lives (e.g., ﬁg. E10). The effects of disturbance were greater when females were disturbed in periods

! p 1:8, A p 0,
Figure 5: Mean life-history statistics emerging from all model versions under scenarios belonging to simulation set 1 (R
disturbance duration p 0, 15, or 25 days). Life-history statistics are life expectancy (LE), lifetime reproductive output (LRO), age at ﬁrst
reproduction (Af R), age at ﬁrst weaning (Af W), and interbirth interval (IBI). Model V0 indicates the original model by Hin et al. (2019),
and results are shaded in blue. Results of the basic stochastic dynamic programming model V1 are shaded in red. In model V2, females could
modulate milk delivery, without (V2.1) or with (V2.2) a constraint on age at ﬁrst reproduction. In model V3, resource availability varied stochastically at a daily scale. In model V4, resource availability varied at a yearly scale and females did not (V4.1) or did (V4.2) have correct knowledge of such variation. Dotted lines indicate mean values from Hin et al. (2019). Females could die only of starvation-induced mortality.
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Figure 6: Life expectancy (LE) and lifetime reproductive output (LRO) emerging from all model versions under simulated scenarios be! p 1:8; A p 0:15, 0.3, or 0.45; disturbance duration p 0 or 15 days). Model V0 indicates the original model
longing to simulation set 2 (R
by Hin et al. (2019), and results are shaded in blue. Results of the basic stochastic dynamic programming model V1 are shaded in red. In
model V2, females could modulate milk delivery, without (V2.1) or with (V2.2) a constraint on age at ﬁrst reproduction. In model V3,
resource availability varied stochastically at a daily scale. In model V4, resource availability varied at a yearly scale and females did not
(V4.1) or did (V4.2) have correct knowledge of such variation. A, Mean values. Dotted lines indicate mean values from Hin et al.
(2019). B, C, Changes in life expectancy (B) and changes in lifetime reproductive output (C) when each model version is compared with
model V0; a red bar indicates a decrease in the corresponding life-history statistic, while a blue bar indicates an increase. “None,” “Summer,”
and “Winter” indicate no disturbance, 15 days of disturbance in summer, and 15 days of disturbance in winter, respectively. Females could
die only of starvation-induced mortality. Results for other life-history statistics are summarized in ﬁgure F8, available online.

of low resource availability (winter) than when resources
were more abundant (summer; ﬁgs. 6, E3). There were some
exceptions to this pattern; for example, high mortality was
associated with the ﬁrst reproductive attempt if this coincided with the occurrence of disturbance in summer (e.g.,
when A p 0:15).

Model Variants
Version V2: Graded Milk Delivery. When females could
adjust milk delivery more ﬁnely, their strategy in a nonseasonal environment was riskier. They were able to follow
the starvation threshold more closely and optimize energy
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delivery to the calf, leading to earlier and more successful
reproductive attempts (ﬁg. F1). This also resulted in a different strategy regarding milk delivery (ﬁg. F2), which continued for longer and brought the calf to a better condition
at weaning, mimicking the results from the DEB model
(Hin et al. 2019). In a nonseasonal environment, this riskier
strategy resulted in an even greater sensitivity to disturbance than in model V1, with most females dying at the
ﬁrst reproductive attempt (table F1; ﬁg. 5). However, in a
seasonal environment, female resilience to disturbance improved compared with V1, possibly via a combination of
lower risk-taking (because of the adaptation of reproductive strategy to oscillations in resources) and greater ability
to adjust milk delivery based on body condition and resource availability (ﬁgs. 6, F3). With A p 0:15, life expectancy still suffered from the risks of early reproductive
attempts when disturbance occurred in summer. However,
when we forced females to wait until the age at which they
ﬁrst reproduced in the DEB model (Hin et al. 2019; 8.68
years; V2.2), they did not incur early mortality, leading to
further improvements in life-history statistics in seasonal
environments (table F1). For some combinations of conditions, V2.1 and V2.2 led to improved female resilience
compared with the DEB model.
Version V3: Daily Resource Variation. In the absence of
seasonality, the introduction of daily stochasticity in resource availability did not lead to an improvement in female ability to counteract the effects of disturbance compared with model V1 (table F1; ﬁgs. 5, F4). However, when
paired with seasonality (A p 0:15; ﬁgs. 6, F5), there was
a reduction of the effects of disturbance (in terms of both
life expectancy and lifetime reproductive output), mostly
via a higher chance of surviving through the ﬁrst reproductive attempt.
Version V4: Yearly Resource Variation. In a nonseasonal
environment (A p 0) that varied annually, mean lifehistory statistics did not improve, irrespective of the level
of knowledge that the female was assumed to have (table F1;
ﬁgs. 5, F6). Even in the absence of disturbance, yearly variation in resource availability led to a decline in lifetime
reproductive output, while life expectancy could be maintained. In a seasonal environment (A p 0:15), life expectancy and lifetime reproductive output improved compared with model V1 but did not reach the values
achieved in the DEB model (table F1; ﬁgs. 6, F7). As for
A p 0, lifetime reproductive output suffered a decline
in the absence of disturbance. Knowledge of the correct temporal scale of resource variation (model V4.2 vs. model V4.1)
led to higher life expectancy and lifetime reproductive
output.
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Discussion
The reproductive strategy adopted by an individual emerges
in response to complex, multidimensional problems that
change dynamically over the course of its lifetime, particularly in long-lived species with large parental investment
per reproductive event (Hirshﬁeld and Tinkle 1975; Stearns
1992; Eberhardt 2002). Building on a DEB model for a
long-lived whale species, we used SDLHT to show how
reproductive decisions varied as a function of the age and
condition of a female and her calf (McNamara and Houston 1996). In line with our results, a minimum length is
required for sexual maturation in female pilot whales, and
reproductive investments (e.g., the duration of lactation)
vary over the course of life (Martin and Rothery 1993).
The trade-off between the needs of the offspring and the
mother (or parent-offspring conﬂict) also varied with stage
of reproduction and resource availability (Trivers 1974),
as observed in other marine mammal populations; for example, depending on the age of the offspring, polar bears
(Ursus maritimus) differentially terminate or reduce investment in lactation when access to food is restricted (Derocher et al. 1993). In pinnipeds, while pregnancy rates in
early gestation are high, abortion at later stages could be
used as a mechanism to enhance performance during poor
resource availability (Pitcher et al. 1998).
We then used the model to assess the sensitivity of
model predictions to some of the assumptions surrounding this decision-making process. We showed that strategies ﬁnely tuned to predictable resource availability led
to increased susceptibility to food limitation following
disturbance, while more cautious strategies emerging under scenarios of unpredictable resource variation could
improve resilience to novel conditions. Reproductive strategies derived from simpler, ﬁxed rules were overall more
robust to disturbance, without a loss of performance in stationary conditions. These results have important implications for both modeling and managing the consequences
of anthropogenic disturbance on a population’s dynamics.
Fixed Rules and Facultative Reproductive Behaviors
In the absence of anthropogenic disturbance causing an
interruption of feeding activity, the reproductive strategy
obtained from the maximization of lifetime ﬁtness resulted
in life-history statistics that were comparable to those associated with a strategy derived from ﬁxed rules, designed to
avoid starvation mortality (Hin et al. 2019). However, facultative reproductive behaviors inﬂuenced the way in which
this outcome was achieved and caused a much lower resilience to disturbance compared with the DEB model.
Reproductive decisions were optimized in an environment with predictable, even if varying, resource availability.
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As a result, females attempted to reproduce early in life and
invested as much energy as possible in the ﬁrst part of lactation, when the calf completely depended on milk. The reduced body condition that ensued meant that females and
their calves were less able to cope with unexpected interruptions of feeding resulting from disturbance. Inability
to predict how long disturbance events would last also
meant that facultative reproductive behavior was not adjusted until it was too late and female condition was severely depleted, resulting in starvation-induced mortality.
As a result, only one of the explored model variants (model
V2) generated a higher lifetime reproductive output than
predicted by the DEB model with ﬁxed rules. The safer
strategy derived from ﬁxed rules could be interpreted in
terms of bet hedging (Philippi and Seger 1989), ensuring
a ﬁtness advantage when individuals were confronted with
new conditions, such as disturbance.
The relatively simple, ﬁxed rules used in the DEB
model were thus much more robust to novel conditions
while not resulting in a loss in performance in stationary
conditions. In contrast, complex, ﬁnely tuned strategies
were predicted to fail when confronted with altered conditions. Because most animals live in environments where
resource availability varies in space and time following
multiscale autocorrelation patterns (Levin 1994), one
important implication of our results is that such fragile
strategies may be unlikely to evolve and persist in most
systems, with the exception of contexts where resource
dynamics are highly predictable and invariant over time.
Similarly, Sultan and Spencer (2002) predicted that specialist strategies will prevail only if the costs of plasticity
are large.

Propensity for Risk
Emerging differences in life-history strategy between the
DEB model and the SDLHT model reﬂected the propensity of simulated females to take energetic risks. While the
ﬁxed rules in the DEB model resulted in females avoiding
risks, the optimization of reproductive behavior via SDP
could promote risk propensity. Propensity for risk is increasingly recognized as an important driver of life-history
evolution (Wright et al. 2019). The results of our model
variants revealed that under an optimized strategy the propensity to allow energy reserves to approach the starvation
threshold, and the resulting susceptibility to disturbance,
were affected by physiological constraints on energy investment toward reproduction (Zera and Harshman 2002)
and by resource availability (Frank and Slatkin 1990). Generally, a lack of resource variation left individuals unprepared for situations where feeding was prevented by disturbance: individuals tailored their strategy on the expectation

of food resources that could reliably support energy replenishment. In contrast, when the baseline condition included
unpredictable variation in resource availability, females
were regularly exposed to the risk of being unable to feed
or of feeding less proﬁtably. Even though resource heterogeneity made individuals more susceptible to disturbance
during periods of low food availability, it also led to more
resilient reproductive behaviors that accounted for unforeseen variation in the future (Schlichting and Pigliucci
1998; Snell-Rood 2013). These results support the idea
that optimal phenotypes differ depending on whether resource availability is constant or ﬂuctuating (Tuljapurkar
et al. 2009). Imperfect knowledge about which decision is
optimal could also steer individuals away from risky strategies (Johnson et al. 2013; see app. G). These predictions
are supported by empirical evidence—for example, different levels of resource variation and knowledge thereof
(as in models V3 and V4) have been shown to result in
gradients of behavioral and reproductive plasticity in terrestrial mammals (Weaver et al. 1996) and birds (Dawson
2008). Moreover, birds adjust the amount of reserves they
accumulate depending on the predictability of resources
(Ekman and Hake 1990) and social ranking, which affects
access to food (Ekman and Lilliendahl 1993). A wide geographical range exposes individuals to heterogeneous
conditions and is therefore also expected to promote phenotypic plasticity, including in marine mammals (Pinsky
et al. 2010).
The long-ﬁnned pilot whale population used to parameterize the model inhabits a seasonal environment, as reﬂected in seasonal variation in diet, body condition, and
breeding (Desportes and Mouritsen 1993; Lockyer 1993;
Martin and Rothery 1993). Interannual resource variability has also been associated with shifts in diet and distribution (Desportes and Mouritsen 1993; Hátún et al. 2009).
Similarly, the congeneric species—short-ﬁnned pilot whales
(Globicephala macrorhynchus)—shows some interpopulation life-history variation that has been linked to different
levels of seasonality (Kasuya and Tai 1993). Under these
heterogeneous resource conditions and over the large
ranges occupied, it is therefore likely that pilot whales have
evolved high plasticity and low propensity to risk with regard to reproductive decisions, possibly driven by simple
rules as in the DEB model, which would make them comparatively more resilient to anthropogenic disturbance.

Critical Reproductive Decisions
Overall, risk propensity around the age at ﬁrst reproduction and the timing and quantity of milk delivery had
the largest inﬂuence on a female’s resilience to perturbations. In nature, these decisions may be partly subject to
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physiological constraints, which could protect the female
from risky decisions. For example, a threshold age and
size for sexual maturity would prevent her from attempting to reproduce when small size constrains the ability
to accumulate sufﬁcient reserves (e.g., Sand 1996). Longﬁnned pilot whales have to reach a minimum body size
before they can engage in reproduction (Martin and Rothery 1993); because growth is ﬁxed in our model, this
constraint corresponds to setting a minimum age at ﬁrst
reproduction (as in model V2.2), which protects a female
from the mortality associated with early reproductive
attempts. With regard to lactation, other terrestrial (e.g.,
Chan-McLeod et al. 2009) and marine (Iverson et al.
1993; Crocker et al. 2001) mammals are known to ﬂexibly
adjust the quantity and energy content of milk delivered
as a function of their nutritional status and the stage of
lactation, a feature of lactation that increased female resilience in model V2.
Implications for the Management
of Anthropogenic Stressors
The importance of physiological constraints and resource
availability on risk propensity has implications for the
susceptibility of individual vital rates to disturbance and
the management of human activities that can cause such
disturbance (Canale and Henry 2010). Our results suggest
that individuals living in environments where there is
limited spatial and temporal heterogeneity in resource
availability could be particularly susceptible to perturbations, because their physiology and life-history strategy
are adapted to a predictable status quo and may be inﬂexible to variation (Meyers and Bull 2002; Hendry 2016).
Their risk propensity could rapidly become maladaptive
if resource availability underwent sudden changes. In contrast, individuals living in more variable conditions are
likely to exhibit plastic decision-making and risk awareness
that allow an adjustment to unprecedented changes (e.g.,
Weaver et al. 1996; Dawson 2008). Our study highlights
that baseline variation in resource availability has a critical
inﬂuence on the ability to cope with disturbance (Canale
and Henry 2010) and should therefore be quantiﬁed in
future empirical work. This has repercussions for the management of anthropogenic stressors in the context of climate change: unpredictable changes or extreme events could
lead to maladaptive responses if the correlation between proximate cues and ﬁtness is disrupted—that is, if these cues
become unreliable indicators of optimality (Reed et al.
2010). For example, the migratory behavior of blue whales
(Balaenoptera musculus) is driven by historical mean resource availability rather than contemporaneous conditions (exemplifying the comparison between models V4.1
and V4.2), but this could make it hard for the species to ad-

E000

just to rapid environmental changes (Abrahms et al. 2019).
In contrast, individual variation in foraging strategy and propensity for risk among northern elephant seals (Mirounga
angustirostris), evolved under periodic climatic oscillations, could modulate the adaptive ability of the species
(Abrahms et al. 2018).
Our results also have important methodological implications: SDLHT models were highly sensitive to assumptions about the patterns of resource availability in
the environment. Accurate predictions of the population
consequences of disturbance using this approach will thus
depend on the appropriate characterization of the spatial
and temporal variability of food resources, and using simple reproductive rules might be more effective in many contexts. However, investigating optimal reproductive strategies will remain important in populations that inhabit
environments where resource dynamics are highly predictable and ﬁnely tuned strategies could thus result in
greater susceptibility to disturbance (Weaver et al. 1996;
Dawson 2008; Canale and Henry 2010).
Conclusions
Bioenergetic models are emerging as an important tool to
predict the population-level consequences of disturbance
from human activities that can cause changes in the behavior and physiology of exposed individuals (Farmer et al.
2018; McHuron et al. 2018; Pirotta et al. 2018a, 2018b,
2019; Hin et al. 2019). Our study showed that, in the absence of disturbance, facultative reproductive behavior
resulted in ﬁtness comparable to the DEB model, while
in all but one disturbed scenario ﬁxed rules ensured a
higher resilience to impaired feeding activity. Analysis
of the way in which individuals may optimize their reproductive strategies in the light of internal and external
state variables via SDLHT could help reﬁne future developments of the ﬁxed rules used in DEB models. For example, the energetic thresholds prompting various reproductive
decisions could be made a function of the age of a female.
More generally, these methods allow the multiple factors
that affect an individual’s decisions to be explored (Mangel
and Clark 1988; Houston and McNamara 1999; Clark and
Mangel 2000). Populations where individual reproductive
strategy is adapted to optimize ﬁtness are likely to be vulnerable to the effects of disturbance, particularly if that
strategy evolved under highly predictable resource availability. The need to simulate scenarios of increasing ﬁdelity for
management will likely involve accounting for conﬂicting
drivers of reproductive behavior, and the dynamic tradeoffs that are required as internal physiology and external resource availability vary. Our study demonstrates that capturing this complexity is critical when predicting the population
consequences of disturbance and that different assumptions
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about the animals’ risk propensity and ability to compensate for an unbalanced energy budget can drastically affect the conclusions drawn from any modeling effort.
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Online Appendix A: Fixed reproductive rules and simulated scenarios in the DEB model
from Hin, Harwood & de Roos (2019)

Initiation of the reproductive cycle
Females automatically entered the waiting state, thus initiating a new reproductive cycle, whenever
their reserve mass exceeded a set threshold. This threshold was equal to the reserve mass required
by a female to offset her own starvation (ρs · W(a), where ρs was the starvation threshold of
condition and W(a) was the total body mass of the female at age a) plus the reserves needed to
produce a neonate, Fneonate. The latter was composed of 1) the amount of reserves needed to sustain
the development of the structural mass of a neonate (σG · ω1 · lbω2) / ε–, where σG was the energetic
cost per unit of structural mass growth, ω1 and ω2 were mass-length scaling parameters, lb was the
length of a calf at birth, and ε– was the catabolic reserves conversion efficiency, and 2) the reserves
transferred to the neonate at birth to ensure its condition equaled the starvation threshold ρs, that
is, (ρs · ω1 · lbω2) / (1 – ρs) (see Hin et al. (2019) for discussion and values of these quantities).

Pregnancy and abortion
After TD = 445 d in the waiting state, pregnancy was initiated regardless of the female’s reserve
mass at that time. A female could not abort the fetus and interrupt the reproductive cycle during
pregnancy.

Milk provisioning during lactation
During lactation, a female delivered an amount of milk to the calf that was determined by the
requirements of the calf and her own condition. Calf requirements scaled as the two-thirds power
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of calf structural mass S(ac)2/3, given calf age ac; they also depended on the calf’s condition and
age, which affected feeding effort and efficiency.
Feeding effort (Fig. 1A in the main text) was 1 / (1 + e – η · [ρ · Wc(a) / Bc(a)]), where Wc(a) and Bc(a)
were the calf’s total body mass and reserve mass (at a given moment in the mother’s life, a),
respectively, and η was the steepness of assimilation response around target body condition (Hin
et al. 2019).
Feeding efficiency (Fig. 1B in the main text) was taken to be the minimum between 1 and { [1 –
(ac – TN) / (TL – TN)] / [1 – ξc · (ac – TN) / (TL – TN)] }+, where TL was the duration of lactation, TN
was the age at which milk consumption started to decrease and ξc determined the non-linearity in
the relationship between milk assimilation and calf age.
Milk provisioning by the mother (Fig. 1C in the main text) declined with her body condition and
reached a value of 1, when her condition was equal to the target ρ, and 0, when her condition fell
below the starvation threshold ρs, that is:
{ (1 – ξm) · (B(a) – ρs · W(a)) / [(ρ – ρs) · W(a) – ξm·(B(a) – ρs · W(a))] }+, where B(a) and W(a) were
her reserve and total body mass (given age a), respectively, and ξm determined the degree of nonlinearity in this relationship (see Hin et al. (2019) for discussion).
Therefore, while early weaning was not modelled explicitly, milk delivery from the mother or
consumption from the calf could effectively be reduced to 0 anytime during lactation.

Table A1. Details of forward simulations, reflecting the baseline and disturbed scenarios
investigated by Hin et al. (2019) and implemented under the State-Dependent Life-History Theory
approach.
Mean
Simulation
resource
set
density

Amplitude
of
seasonality

Agerelated
mortality?

Duration of
disturbance
(d)

Season of
disturbance

Corresponding
figure in Hin et
al. (2019)

1

1.8

0

No

0, 15, 25

-

Figure 2

2

1.8

0.15, 0.3,
0.45

No

0, 15

summer,
winter

Figure 3

Yes

0, 5, 10,
15, 20, 25,
30, 35, 40,
45, 50

summer,
winter

Figure 4

3

2

0.3
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Online Appendix B: Stochastic Dynamic Programming equations

Females increase lifetime reproductive output by φ[Ac(a)] = 1 whenever a calf is successfully
raised until weaning (Ac(a) = TL). We let Fs(x,…,a) denote the maximum expected accumulated
lifetime reproductive output, where the expectation is taken over stochastic events of mortality,
given a female’s age a, the current value of her state variables x = X(a), xc = Xc(a), d = D(a), τp =
Τ(a) and ac = Ac(a) (when applicable), and her reproductive state s.
On the last day of her life a = T, a female can be in any state and at any reproductive stage.
However, she has non-zero reproductive output only if she is lactating and the calf is ready to be
weaned (that is, if T is the last day of lactation) so that
F1(x, T) = 0
F2(x, d, T) = 0
F3(x, τp, T) = 0
F4(x, xc, ac, T) = φ(ac)
F5(x, xc, ac, d, T) = φ(ac)

On any other day of her life post-weaning, TL ≤ a < T, the fitness of a female in reproductive state
1 (resting) is:
F1(x, a) = [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F1(x’, a + 1)

where x’ is her condition on the following day (see Appendix C for details of the state-dependent
dynamics of the state variables).

If a ≥ TL + 365 d and t corresponds to one of tw, she can enter the waiting state or remain resting,
so that F1(x, a) is determined by the comparison of those two future fitness functions
Remain resting

Enter the waiting state

F1(x, a) = max{[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F1(x’, a + 1), [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F2(x’, 1, a + 1)}

The fitness of a female in reproductive state 2 (waiting) is
F2(x, d, a) = [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F2(x’, d + 1, a + 1)

If t corresponds to the end of the waiting period (one of tp – 1 d and d = TD – 1 d), she implants
and becomes pregnant on the following day, so that
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F2(x, TD – 1, a) = [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F3(x’, 0, a + 1)

A female in reproductive state 3 (pregnant) can either continue the pregnancy or abort the fetus:
Continue pregnancy

Abort fetus

F3(x, τp, a) = max{[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F3(x’’, τp + 1, a + 1), [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F1(x’, a + 1)}

where x’’ is her condition on the following day accounting for the cost of gestation (see see
Appendix C for the details of computation).

If t corresponds to the end of the pregnancy (one of tb – 1 d and τp = TP – 1 d), she can give birth
to the calf on the following day or abort, so that
Give birth

Abort

F3(x, TP – 1, a) = max{[1 – M(a)] ∙ [1 – Ms(B(a),W(a))] ∙ F4(x’’, xc0, 0, a + 1), [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F1(x’, a + 1)}

where xc0 = 0.15 is the condition of the calf at birth.

When a female is lactating, it is possible for her calf to die due to age-related mortality or
starvation, which returns the mother to a resting state (state 1). Since the mother decides whether
to deliver milk to the calf or not, we have
F4(x, xc, ac, a) = max{
Deliver milk
[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ ([1 – M(ac)] ∙ [1 – Ms(Bc(a), Wc(a))] ∙ F4(x’’’, xc’, ac + 1, a + 1) +
[M(ac) + Ms(Bc(a), Wc(a)) – M(ac) ∙ Ms(Bc(a), Wc(a))] ∙ F1(x’’’, a + 1));
Do not deliver milk
[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ ([1 – M(ac)] ∙ [1 – Ms(Bc(a), Wc(a))] ∙ F4(x’, xc’’, ac + 1, a + 1) +
[M(ac) + Ms(Bc(a), Wc(a)) – M(ac) ∙ Ms(Bc(a), Wc(a))] ∙ F1(x’, a + 1))
}

where x’’’ and xc’ are the conditions of the female and calf if the female delivers milk, while xc’’
is the condition of the calf if the female does not deliver milk.

If t corresponds to one of tw and ac ≥ TL – 365 d, she can decide to enter the waiting state while
lactating (state 5). To simplify the equations, we use the notation Φ4,b(x, xc, ac, a) and Φ5,b(x, xc,
ac, d, a) to indicate the fitness value of decision b (either to deliver milk, b = 1, or not, b = 0) when
remaining in state 4 or when entering state 5, respectively. Under state 5, d = 0 d because the
waiting period is just starting, so that

Risk propensity and disturbance

5

F4(x, xc, ac, a) = max{
Remain only lactating
Deliver milk

Do not deliver milk

max{Φ4,1(x, xc, ac, a), Φ4,0(x, xc, ac, a)};

Enter the lactating and waiting state
Deliver milk

Do not deliver milk

max{Φ5,1(x, xc, ac, 0, a), Φ5,0(x, xc, ac, 0, a);
}

At the end of lactation (t corresponds to one of tl and ac = TL), the female weans the calf and returns
to resting, so that
F4(x, xc, TL, a) = 1 + [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F1(x’, a + 1)

Finally, the fitness of a female in reproductive state 5 (lactating and waiting) is
F5(x, xc, ac, d, a) = max{
Deliver milk
[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ ([1 – M(ac)] ∙ [1 – Ms(Bc(a), Wc(a))] ∙ F5(x’’’, xc’, ac + 1, d + 1, a + 1) +
[M(ac) + Ms(Bc(a), Wc(a)) – M(ac) ∙ Ms(Bc(a), Wc(a))] ∙ F2(x’’’, d + 1, a + 1));
Do not deliver milk
[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ ([1 – M(ac)] ∙ [1 – Ms(Bc(a), Wc(a))] ∙ F5(x’, xc’’, ac + 1, d + 1, a + 1) +
[M(ac) + Ms(Bc(a), Wc(a)) – M(ac) ∙ Ms(Bc(a), Wc(a))] ∙ F2(x’, d + 1, a + 1))
}

At the end of lactation (t corresponds to one of tl and ac = TL), she weans the calf and keeps waiting:
F5(x, xc, TL, d, a) = 1 + [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F2(x’, d + 1, a + 1).
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Online Appendix C: State dynamics

The decisions of a female regarding the transition between reproductive states and the delivery of
milk (when lactating) affect the dynamics of her (and her calf’s) energy reserves. Particularly,
when a female is in state 1 or 2 (resting or waiting), her fat reserves increase as a result of her
feeding activity, and decrease due to the costs of growth and metabolism, i.e.:
x’ = B(a+1) / W(a+1), with W(a+1) = B(a+1) / [B(a+1) + S(a+1)], and B(a+1) = B(a) + {IR[a, R(t),
S(a), B(a), W(a)] – CG(a) – CM[S(a), B(a)]} / ε, where
•
•
•
•
•

IR[a, R(a), S(a), B(a), W(a)] is the energy acquired from feeding;
R(t) is the availability of resources on the corresponding day of the year t;
CG(a) is the cost of growth;
CM[S(a), B(a)] is the cost of metabolism;
ε is the conversion efficiency (which takes a different value depending on the sign of the
energy balance, as in Hin et al. (2019));

See the main text for a description of all other variables.

When a female is pregnant (state 3), she incurs additional costs due to gestation, i.e.:
x’’ = B(a+1) / W(a+1), with B(a+1) = B(a) + (IR[a, R(t), S(a) + Sf(τp), B(a), W(a)] – CG(a) – CM[S(a)
+ Sf(τp), B(a)] – CP(τp)) / ε, where
•

CP(τp) is the cost of gestation for a fetus of age τp = T(a).

A lactating female (state 4 or 5) that delivers milk to the calf spends an additional amount of
energy, i.e.:
x’’’ = B(a+1) / W(a+1), with B(a+1) = B(a) + (IR[a, R(t), S(a), B(a), W(a)] – CG(a) – CM[S(a),
B(a)] – CL[ac, S(ac), Bc(a), Wc(a), B(a), W(a)]) / ε, where
•

CL[ac, S(ac), Bc(a), Wc(a), B(a), W(a)] is the cost of lactation for a calf aged ac = Ac(a).

The fat reserves of her calf increase due to both the energy received from the mother and the energy
acquired via its own feeding activity:
xc’ = Bc(a+1)/Wc(a+1), with Bc(a+1) = Bc(a) + (IR[ac, R(t), S(ac), Bc(a), Wc(a)] – CG(ac) – CM[S(ac),
Bc(a)] + IL[ac, S(ac), Bc(a), Wc(a), B(a), W(a)]) / ε, where
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IL[ac, S(ac), Bc(a), Wc(a), B(a), W(a)] is the energy acquired from the milk, which corresponds
to the cost of lactation, CL[ac, S(ac), Bc(a), Wc(a), B(a), W(a)], multiplied by the lactation
conversion efficiency σL.

When a lactating female does not deliver milk, her calf has to rely only on the energy acquired
from its own feeding activity so that
xc’’ = Bc(a+1)/Wc(a+1), with Bc(a+1) = Bc(a) + (IR[ac, R(t), S(ac), Bc(a), Wc(a)] – CG(ac) – CM[S(ac),
Bc(a)]) / ε.

The form and parameter values of functions IR[a, R(t), S(a), B(a), W(a)], CG(a), CM[S(a), B(a)],
CP(τp), and CL[ac, S(ac), Bc(a), Wc(a), B(a), W(a)] are described in detail in Hin et al. (2019).
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Online Appendix D: Equations of the differences in fitness between alternative reproductive
decisions

On days t corresponding to tw, the fitness benefit of initiating the waiting period was:
ΔW(x, a) =

[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F2(x’, 1, a + 1) –
[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F1(x’, a + 1)

The benefit of initiating the waiting period when already lactating was calculated in the same way,
using the corresponding fitness values in state 4 and 5.

When a female was pregnant, the fitness benefit of continuing pregnancy over aborting the fetus
was:
ΔP(x, τp, a) = [1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F3(x’’, τp + 1, a + 1) –
[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ F1(x’, a + 1)
We plotted this relationship for a female at different stages of gestation, i.e. τp = 1 d, 100 d, 200 d,
300 d or 363 d.

Finally, the fitness benefit of delivering milk over not delivering milk was:
ΔM(x, xc, ac, a) =
[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ ([1 – M(ac)] ∙ [1 – Ms(Bc(a), Wc(a))] ∙ F4(x’’’, xc’, ac + 1, a + 1)
+ [M(ac) + Ms(Bc(a), Wc(a)) – M(ac) ∙ Ms(Bc(a), Wc(a))] ∙ F1(x’’’, a + 1)) –
[1 – M(a)] ∙ [1 – Ms(B(a), W(a))] ∙ ([1 – M(ac)] ∙ [1 – Ms(Bc(a), Wc(a))] ∙ F4(x’, xc’’, ac + 1, a + 1)
+ [M(ac) + Ms(Bc(a), Wc(a)) – M(ac) ∙ Ms(Bc(a), Wc(a))] ∙ F1(x’, a + 1))
We considered four stages of lactation, ac = 1 d, 1 y, 2 y and 3 y. Similarly, we calculated the
benefit of delivering milk when lactating and waiting (state 5) using the corresponding fitness
values.
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Online Appendix E: Additional results of model V1

Table E1. Mean life history statistics resulting from the forward iteration of model V1.

Simulation
set
1

2

3

Amplitude
of
seasonality

Duration of
disturbance
(d)

Season

LE
(y)

LRO

pW

AfR
(y)

AfW
(y)

IBI
(y)

0
0
0
0.15
0.15
0.15
0.3
0.3
0.3
0.45
0.45
0.45
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

0
15
25
0
15
15
0
15
15
0
15
15
0
5
5
10
10
15
15
20
20
25
25
30
30
35
35
40
40
45
45
50
50

summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer
winter

60.02
38.6
11.6
60.02
10.4
18.19
60.02
59.95
31.71
17.59
14.26
4.13
24.6
24.9
24.42
24.69
16.67
24.75
9.44
24.82
11.81
18.94
8.41
10.61
4.75
7.37
4.13
6.13
4.11
4.07
4.12
3.68
4.12

5.5
2.61
0
5.5
0.2
0.55
4.15
1.09
0.01
0
0
0
1.34
1.29
1.18
1.18
0.59
1.2
0.1
1.09
0.09
0.65
0
0.14
0
0
0
0
0
0
0
0
0

0.92
0.72
0.92
0.74
0.63
0.75
0.16
0.07
0.59
0.55
0.52
0.51
0.47
0.51
0.38
0.46
0.27
0.41
0.09
0.36
0.1
-

6.84
6.84
6.84
7.16
7.16
7.16
10.33
10.33
12.33
21.25
21.16
7.25
7.25
7.25
7.25
7.25
7.25
7.25
7.25
9.41
7.25
9.33
7.25
11.41
7.25
7.25
9.16
-

14.19
18.76
13.68
17.68
26.14
22
49.75
59.6
12.41
13.46
15.06
15.22
16.71
14.85
19.42
17.24
25.98
17.76
39.81
20.83
18.79
-

4.53
4.37
4
4.5
3.92
3.35
4.38
3.57
3.06
3.01
3
4.29
4.16
3.98
3.98
3.83
3.94
3.39
3.76
3.16
3.5
2.79
3.11
3.11
2.75
2.56
-
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Note. Monitored life history statistics were: Life Expectancy (LE), Lifetime Reproductive Output
(LRO), proportion of born calves that reach Weaning (pW), Age at first Reproduction (AfR), Age
at first Weaning (AfW), and Inter-Birth Interval (IBI). Simulated scenarios of disturbance
belonged to three separate sets (see Table A1), which varied in the amplitude of seasonality (A),
duration of the disturbed period, and season in which disturbance occurred. In simulation sets 1
and 2, females could only die of starvation-induced mortality, and mean resource density was 𝑅̅ =
1.8. In simulation set 3, female could also die of age-related mortality, and mean resource density
was 𝑅̅ = 2.
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Figure E1. Time series of female and calf reserve mass, obtained from the forward iteration of
model V1 under scenarios in simulation set 1, with no age-related mortality, no seasonality A = 0,
mean resource density 𝑅̅ = 1.8, and 0 d, 15 d or 25 d of disturbance. Female reserve mass is
colored by reproductive state. The time series of target and starvation reserve mass are also plotted,
and correspond to body condition X(a) = 0.3 and X(a) = 0.15, respectively. Cf. Fig. 2 in Hin et al.
(2019).
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Figure E2. Time series of female and calf body condition (expressed as the ratio of reserve mass
to total body mass) over the course of one lactation period of one simulated female (aged a = 38.3
y) in the baseline scenario (no disturbance) of model V1, with no age-related mortality, no
seasonality (A = 0), and mean resource density 𝑅̅ = 1.8. The delivery strategy (that is, whether the
female delivered milk or not in any given day of lactation) is reported at the bottom of the plot.
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Figure E3. Time series of female and calf reserve mass, obtained from the forward iteration of
model V1 under scenarios in simulation set 2, with no age-related mortality, increasing seasonality
A = 0.15, 0.3 and 0.45, mean resource density 𝑅̅ = 1.8, and 15 d of disturbance occurring either in
summer or winter. Female reserve mass is colored by reproductive state. The time series of target
and starvation reserve mass are also plotted, and correspond to body condition X(a) = 0.3 and X(a)
= 0.15, respectively. Cf. Fig. 3 in Hin et al. (2019).
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Figure E4. Mean life history statistics as a function of increasing duration of the disturbance period
(simulation set 3), obtained from the forward iteration of model V1 with age-related mortality,
seasonality A = 0.3 and mean resource density 𝑅̅ = 2. Life history statistics are: Life Expectancy
(LE), Lifetime Reproductive Output (LRO), proportion of born calves that reach Weaning (pW),
Age at first Reproduction (AfR), Age at first Weaning (AfW), and Inter-Birth Interval (IBI). The
shaded areas represent 95% confidence intervals around the mean, obtained using non-parametric
bootstrapping of the results of each duration scenario. Cf. Fig. 4 in Hin et al. (2019).
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Figure E5. Difference in fitness value between the decision to initiate the waiting period and the decision to keep resting for a female
that is already lactating, as a function of female age by female condition (A) and as a function of female condition by female age (B),
given the dependent calf’s age (rows; 860 d or 1100 d) and condition (columns; 0.31, 0.21, 0.12 or 0.02).
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Figure E6. Difference in fitness value between the decision to deliver milk and the decision to not deliver milk for a female that is
already lactating, as a function of female age by female condition (A) and as a function of female condition by female age (B), given
the dependent calf’s age (rows; 860 d or 1100 d) and condition (columns; 0.31, 0.21, 0.12 or 0.02).
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Figure E7. Difference in fitness value between the decision to initiate the waiting period and the
decision to keep resting over the course of one year for a 10-year-old female of varying body
condition, given amplitude of seasonal variation in resources A = 0.15.
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Figure E8. Difference in fitness value between the decision to deliver milk and the decision to not
deliver milk over the course of one year for a 20-year-old female of varying body condition, given
a 1-year-old dependent calf with condition Xc(a) = 0.12, and amplitude of seasonal variation in
resources A = 0.15.
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Figure E9. Difference in fitness value between the decision to initiate the waiting period and the decision to keep resting as a function
of age by condition of the female, given A) a higher resource availability (mean resource density 𝑅̅ = 2) and B) a lower resource
availability (mean resource density 𝑅̅ = 1.6).
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Figure E10. Distribution of female life expectancy and lifetime reproductive output for one run of
the forward iteration, given no seasonality A = 0 (A) and amplitude of seasonal variation A = 0.15
(B). The plots show that, under these scenarios, females that survived through the initial bottleneck
of mortality due to early reproductive attempts could survive and reproduce successfully.
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Online Appendix F: Additional results of model variants (V2-V4)

V2.1

Model
variant

Graded milk delivery

Description
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Simulation
set
0
0
0
0.15
0.15
0.15
0.3
0.3
0.3
0.45
0.45
0.45
0
0
0
0.15
0.15
0.15
0.3
0.3
0.3
0.45
0.45

Amplitude
of
seasonality
0
15
25
0
15
15
0
15
15
0
15
15
0
15
25
0
15
15
0
15
15
0
15

Duration of
disturbance
(d)

summer
winter
summer
winter
summer
winter
summer
winter
summer
winter
summer

Season

60.02
12.75
9.23
60.02
19.77
52.29
60.02
60.02
57.18
17.99
16.63
4.12
60.02
12.73
11.99
60.02
59
52.15
60.02
60.02
57.61
18.59
16.25

LE
(y)

5.5
0.01
0
5.5
1.28
4.21
5
4.5
0.36
0.01
0
0
5.5
0
0
5.5
5.38
4.2
4.93
4.5
0.37
0.01
0

LRO

0.92
0.33
0.92
0.92
0.83
0.83
0.69
0.07
0.08
1
0.48
1
0.92
0.91
0.9
0.75
0.07
0.08
-

pW

7.33
7.33
7.33
7
7
7
7.41
7.41
11.33
19.16
22.16
10.84
10.84
10.84
10.16
10.16
10.16
9.33
9.33
11.33
19.16
22.16

AfR
(y)

10.68
14.19
13.52
13.52
17.52
16.82
22.85
59.52
59.65
14.19
14.19
13.52
13.52
17.52
16.2
21.79
59.52
59.66
-

AfW
(y)

4.49
3.51
3.49
4.52
4.49
4.3
4.47
4.11
3.2
3.1
3.01
4.58
4.52
3.18
4.65
4.65
4.64
4.43
4.3
3.2
3.1
3.01

IBI
(y)

Table F1. Mean life history statistics resulting from the forward iteration of model variants V2-V4.

V2.2

Graded milk delivery
with constraint on age
at first reproduction

1
1
1
2
2
2
2
2
2
2
2
2
1
1
1
2
2
2
2
2
2
2
2

V4.1

V3

Yearly resource
variation, perceived as
daily variation by the
female

Stochastic daily
resource variation

Risk propensity and disturbance

V4.2

Yearly resource
variation, correctly
perceived; female
adjusts reproductive
behavior following
disturbance

2
1
1
1
2
2
2
1
1
1
2
2
2
1
1
1
2
2
2

0.45
0
0
0
0.15
0.15
0.15
0
0
0
0.15
0.15
0.15
0
0
0
0.15
0.15
0.15

15
0
15
25
0
15
15
0
15
25
0
15
15
0
15
25
0
15
15

winter
summer
winter
summer
winter
summer
winter
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4.13
60.02
31.08
15.53
60.02
44.72
32.27
59.63
28.4
9.93
59.1
35.07
16.3
59.66
42.6
18.79
59.56
56.22
23.57

0
5.5
1.84
0
5.47
3.03
1.14
3.73
0.97
0.1
3.29
1.27
0.36
4.05
1.88
0.38
3.72
2.48
0.8

0.92
0.79
0.91
0.68
0.44
0.62
0.39
0.45
0.51
0.35
0.45
0.66
0.44
0.42
0.61
0.44
0.43

0
7.08
7.08
7.1
7.25
7.25
9.98
7
7
8.74
7.25
7.25
8.72
8.46
11.32
15.78
8.79
12.88
8.97

14.19
19.53
13.93
23.61
33.05
15.6
17.71
17.22
16.77
18.31
14.75
13.73
17.98
20.38
14.34
19.44
16.04

4.51
4.15
3.94
4.49
4.08
4.02
4.52
4.41
4.52
4.12
3.62
3.84
4.19
3.83
4.01
4.15
3.9
4.79

Note. Monitored life history statistics were: Life Expectancy (LE), Lifetime Reproductive Output (LRO), proportion of born calves that
reach Weaning (pW), Age at first Reproduction (AfR), Age at first Weaning (AfW), and Inter-Birth Interval (IBI). Simulated scenarios
of disturbance belonged to two sets (see Table A1), which varied in the amplitude of seasonality (A), duration of the disturbed period,
and season in which disturbance occurred. Females could only die of starvation-induced mortality, and mean resource density was 𝑅̅ =
1.8.
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Model V2

Figure F1. Time series of female and calf reserve mass, obtained from the forward iteration of
model V2.1 (graded milk delivery) under scenarios in simulation set 1, with no age-related
mortality, no seasonality A = 0, mean resource density 𝑅̅ = 1.8, and 0 d, 15 d or 25 d of disturbance.
Female reserve mass is colored by reproductive state. The time series of target and starvation
reserve mass are also plotted, and correspond to body condition X(a) = 0.3 and X(a) = 0.15,
respectively.
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Figure F2. Time series of female and calf body condition (expressed as the ratio of reserve mass
to total body mass) over the course of one lactation period of one simulated female (aged a = 33.6
y) in the baseline scenario (no disturbance) of model V2.1 (graded milk delivery), with no agerelated mortality, no seasonality (A = 0), and mean resource density 𝑅̅ = 1.8. The delivery strategy
(that is, the percentage of the calf’s milk requirements provisioned by the female in any given day
of lactation) is reported at the bottom of the plot.
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Figure F3. Time series of female and calf reserve mass, obtained from the forward iteration of
model V2.1 (graded milk delivery) under scenarios in simulation set 2, with no age-related
mortality, increasing seasonality A = 0.15, 0.3 and 0.45, mean resource density 𝑅̅ = 1.8, and 15 d
of disturbance occurring either in summer or winter. Female reserve mass is colored by
reproductive state. The time series of target and starvation reserve mass are also plotted, and
correspond to body condition X(a) = 0.3 and X(a) = 0.15, respectively.
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Model V3

Figure F4. Time series of female and calf reserve mass, obtained from the forward iteration of
model V3 (daily resource stochasticity) under scenarios in simulation set 1, with no age-related
mortality, no seasonality A = 0, mean resource density 𝑅̅ = 1.8, and 0 d, 15 d or 25 d of disturbance.
Female reserve mass is colored by reproductive state. The time series of target and starvation
reserve mass are also plotted, and correspond to body condition X(a) = 0.3 and X(a) = 0.15,
respectively.
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Figure F5. Time series of female and calf reserve mass, obtained from the forward iteration of
model V3 (daily resource stochasticity) under scenarios in simulation set 2, with no age-related
mortality, seasonality A = 0.15, mean resource density 𝑅̅ = 1.8, and 15 d of disturbance occurring
either in summer or winter. Female reserve mass is colored by reproductive state. The time series
of target and starvation reserve mass are also plotted, and correspond to body condition X(a) = 0.3
and X(a) = 0.15, respectively.
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Models V4
A
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B

Figure F6. Time series of female and calf reserve mass, obtained from the forward iteration of
model variants V4 [yearly resource variation: A) V4.1 and B) V4.2] under scenarios in simulation
set 1, with no age-related mortality, no seasonality A = 0, mean resource density 𝑅̅ = 1.8, and 0 d,
15 d or 25 d of disturbance. Female reserve mass is colored by reproductive state. The time series
of target and starvation reserve mass are also plotted, and correspond to body condition X(a) = 0.3
and X(a) = 0.15, respectively.
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A

B

Figure F7. Time series of female and calf reserve mass, obtained from the forward iteration of
model variants V4 [yearly resource variation: A) V4.1 and B) V4.2] under scenarios in simulation
set 2, with no age-related mortality, seasonality A = 0.15, mean resource density 𝑅̅ = 1.8, and 15 d
of disturbance occurring either in summer or winter. Female reserve mass is colored by
reproductive state. The time series of target and starvation reserve mass are also plotted, and
correspond to body condition X(a) = 0.3 and X(a) = 0.15, respectively.
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Figure F8. Mean life history statistics emerging from all model versions under simulated scenarios
belonging to simulation set 2 (𝑅̅ = 1.8, A = 0.15, 0.3 or 0.45, disturbance duration = 0 or 15 days).
Life history statistics are: Life Expectancy (LE), Lifetime Reproductive Output (LRO), Age at first
Reproduction (AfR), Age at first Weaning (AfW), and Inter-Birth Interval (IBI). Model V0
indicates the original model by Hin et al. (2019) and results are shaded in blue. Results of the basic
SDP model V1 are shaded in red. Dotted lines indicate mean values from Hin et al. (2019). Females
could only die of starvation-induced mortality.
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Online Appendix G: Error in Perception of Optimality

We developed an additional model variant where we allowed individuals to make errors when
selecting the optimal reproductive decision, to represent uncertainty in the exact knowledge of the
best strategy at any moment in time. This approach also accounts for situations when alternative
decisions have the same fitness values, or when small fitness differences lead to suboptimal
strategies (Clark and Mangel 2000). Following Clark and Mangel (2000), we computed the
probabilities of making alternative reproductive decisions (here generically indicated as decisions
1 and 2) based on the differences (δ1 and δ2) between the fitness value of the optimal decision (Φ*)
and the fitness value of each available decision (Φ1 and Φ2), and on a tuning parameter ς = 0.01.
A ς value that is large compared to δ1 and δ2 causes the female to pick alternative options more
uniformly, while a small ς increases her ability to discriminate the optimal decision. Therefore, δ1
= Φ* – Φ1, δ2 = Φ* – Φ2, and the probabilities of making decisions 1 or 2 were, respectively:
p1 = e(-δ1/ς) / (e(-δ1/ς) + e(-δ2/ς))
p2 = e(-δ2/ς) / (e(-δ1/ς) + e(-δ2/ς)).
Fitness values in the backward iteration were calculated by taking the average of the fitness values
of alternative decisions, weighted by the corresponding probability.
Uncertainty regarding small fitness differences between alternative decisions led females to
postpone the first reproductive attempt, which had little chance to succeed, thus improving life
expectancy. This occurred in a non-seasonal environment when disturbance lasted 25 d, and across
the various degrees of seasonality. For 15 d of disturbance in a non-seasonal environment, life
expectancy worsened due to a change in milk provisioning strategy: lactation continued for longer,
and females reached a lower trough of condition. Overall, lifetime reproductive output worsened
due to a suboptimal reproductive strategy that resulted from the females’ errors.

