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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 · lb
ω2) / 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 · lb
ω2) / (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 non-

linearity 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. 

Simulation 

set 

Mean 

resource 

density  

Amplitude 

of 

seasonality  

Age-

related 

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 

3 2 0.3 Yes 

0, 5, 10, 

15, 20, 25, 

30, 35, 40, 

45, 50 

summer, 

winter 
Figure 4 
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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 
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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 

Amplitude 

of 

seasonality  

Duration of 

disturbance 

(d) 

Season 
LE 

(y) 
LRO pW 

AfR 

(y) 

AfW 

(y) 

IBI 

(y) 

1 

0 0 - 60.02 5.5 0.92 6.84 14.19 4.53 

0 15 - 38.6 2.61 0.72 6.84 18.76 4.37 

0 25 - 11.6 0 - 6.84 - 4 

2 

0.15 0 - 60.02 5.5 0.92 7.16 13.68 4.5 

0.15 15 summer 10.4 0.2 0.74 7.16 17.68 3.92 

0.15 15 winter 18.19 0.55 0.63 7.16 26.14 3.35 

0.3 0 - 60.02 4.15 0.75 10.33 22 4.38 

0.3 15 summer 59.95 1.09 0.16 10.33 49.75 3.57 

0.3 15 winter 31.71 0.01 0.07 12.33 59.6 3.06 

0.45 0 - 17.59 0 - 21.25 - 3.01 

0.45 15 summer 14.26 0 - 21.16 - 3 

0.45 15 winter 4.13 0 - - - - 

3 

0.3 0 - 24.6 1.34 0.59 7.25 12.41 4.29 

0.3 5 summer 24.9 1.29 0.55 7.25 13.46 4.16 

0.3 5 winter 24.42 1.18 0.52 7.25 15.06 3.98 

0.3 10 summer 24.69 1.18 0.51 7.25 15.22 3.98 

0.3 10 winter 16.67 0.59 0.47 7.25 16.71 3.83 

0.3 15 summer 24.75 1.2 0.51 7.25 14.85 3.94 

0.3 15 winter 9.44 0.1 0.38 7.25 19.42 3.39 

0.3 20 summer 24.82 1.09 0.46 7.25 17.24 3.76 

0.3 20 winter 11.81 0.09 0.27 9.41 25.98 3.16 

0.3 25 summer 18.94 0.65 0.41 7.25 17.76 3.5 

0.3 25 winter 8.41 0 0.09 9.33 39.81 2.79 

0.3 30 summer 10.61 0.14 0.36 7.25 20.83 3.11 

0.3 30 winter 4.75 0 - 11.41 - 3.11 

0.3 35 summer 7.37 0 0.1 7.25 18.79 2.75 

0.3 35 winter 4.13 0 - - - - 

0.3 40 summer 6.13 0 - 7.25 - 2.56 

0.3 40 winter 4.11 0 - - - - 

0.3 45 summer 4.07 0 - 9.16 - - 

0.3 45 winter 4.12 0 - - - - 

0.3 50 summer 3.68 0 - - - - 

0.3 50 winter 4.12 0 - - - - 
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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 �̅� = 

1.8. In simulation set 3, female could also die of age-related mortality, and mean resource density 

was �̅� = 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 �̅� = 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 �̅� = 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 �̅� = 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 �̅� = 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 �̅� = 2) and B) a lower resource 

availability (mean resource density �̅� = 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) 

 

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

Model 

variant 
Description 

Simulation 

set 

Amplitude 

of 

seasonality  

Duration of 

disturbance 

(d) 

Season 
LE 

(y) 
LRO pW 

AfR 

(y) 

AfW 

(y) 

IBI 

(y) 

V2.1 Graded milk delivery 

1 0 0 - 60.02 5.5 0.92 7.33 10.68 4.49 

1 0 15 - 12.75 0.01 0.33 7.33 14.19 3.51 

1 0 25 - 9.23 0 - 7.33 - 3.49 

2 0.15 0 - 60.02 5.5 0.92 7 13.52 4.52 

2 0.15 15 summer 19.77 1.28 0.92 7 13.52 4.49 

2 0.15 15 winter 52.29 4.21 0.83 7 17.52 4.3 

2 0.3 0 - 60.02 5 0.83 7.41 16.82 4.47 

2 0.3 15 summer 60.02 4.5 0.69 7.41 22.85 4.11 

2 0.3 15 winter 57.18 0.36 0.07 11.33 59.52 3.2 

2 0.45 0 - 17.99 0.01 0.08 19.16 59.65 3.1 

2 0.45 15 summer 16.63 0 - 22.16 - 3.01 

2 0.45 15 winter 4.12 0 - - - - 

V2.2 

Graded milk delivery 

with constraint on age 

at first reproduction 

1 0 0 - 60.02 5.5 1 10.84 14.19 4.58 

1 0 15 - 12.73 0 0.48 10.84 14.19 4.52 

1 0 25 - 11.99 0 - 10.84 - 3.18 

2 0.15 0 - 60.02 5.5 1 10.16 13.52 4.65 

2 0.15 15 summer 59 5.38 0.92 10.16 13.52 4.65 

2 0.15 15 winter 52.15 4.2 0.91 10.16 17.52 4.64 

2 0.3 0 - 60.02 4.93 0.9 9.33 16.2 4.43 

2 0.3 15 summer 60.02 4.5 0.75 9.33 21.79 4.3 

2 0.3 15 winter 57.61 0.37 0.07 11.33 59.52 3.2 

2 0.45 0 - 18.59 0.01 0.08 19.16 59.66 3.1 

2 0.45 15 summer 16.25 0 - 22.16 - 3.01 
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2 0.45 15 winter 4.13 0 - 0 - - 

V3  
Stochastic daily 

resource variation  

1 0 0 - 60.02 5.5 0.92 7.08 14.19 4.51 

1 0 15 - 31.08 1.84 0.79 7.08 19.53 4.15 

1 0 25 - 15.53 0 - 7.1 - 3.94 

2 0.15 0 - 60.02 5.47 0.91 7.25 13.93 4.49 

2 0.15 15 summer 44.72 3.03 0.68 7.25 23.61 4.08 

2 0.15 15 winter 32.27 1.14 0.44 9.98 33.05 4.02 

V4.1  

Yearly resource 

variation, perceived as 

daily variation by the 

female 

1 0 0 - 59.63 3.73 0.62 7 15.6 4.52 

1 0 15 - 28.4 0.97 0.39 7 17.71 4.41 

1 0 25 - 9.93 0.1 0.45 8.74 17.22 4.52 

2 0.15 0 - 59.1 3.29 0.51 7.25 16.77 4.12 

2 0.15 15 summer 35.07 1.27 0.35 7.25 18.31 3.62 

2 0.15 15 winter 16.3 0.36 0.45 8.72 14.75 3.84 

V4.2  

Yearly resource 

variation, correctly 

perceived; female 

adjusts reproductive 

behavior following 

disturbance 

1 0 0 - 59.66 4.05 0.66 8.46 13.73 4.19 

1 0 15 - 42.6 1.88 0.44 11.32 17.98 3.83 

1 0 25 - 18.79 0.38 0.42 15.78 20.38 4.01 

2 0.15 0 - 59.56 3.72 0.61 8.79 14.34 4.15 

2 0.15 15 summer 56.22 2.48 0.44 12.88 19.44 3.9 

2 0.15 15 winter 23.57 0.8 0.43 8.97 16.04 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 �̅� = 

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 �̅� = 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 age-

related mortality, no seasonality (A = 0), and mean resource density �̅� = 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 �̅� = 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 �̅� = 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 �̅� = 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 �̅� = 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 �̅� = 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 (�̅� = 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.  
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