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sex differences, intragenomic conflicts and clinical pathologies” 2 

 3 

First, we introduce a basic model for the social evolution of sleep with three analyses: 1) 4 

absence of sex differences and genes do not know their origin; 2) absence of sex differences 5 

and genes know their origin; and 3) sex differences and genes do not know their origin. And 6 

second, we introduce an illustrative model for the social evolution of sleep with two analyses: 7 

1) sleep cannot evolve independently in females and males; and 2) sleep can evolve 8 

independently in females and males.  9 

 10 

1. Basic model of the social evolution of sleep and inclusive fitness predictions 11 

 12 

Natural selection favours any gene that is associated with greater individual fitness (Fisher 13 

1930; Price 1970). Assuming vanishingly little genetic variation, this condition may be 14 

expressed using the mathematics of differential calculus: dW/dg > 0, where g is the genic 15 

value of a gene picked at random from the population and W is the relative fitness of the 16 

individual carrying this gene (Taylor 1996). We consider three scenarios (defined by the set 17 

A = {I,M,P}), concerning whether the action of the gene is independent of its parent of 18 

origin (in which case the gene can be considered ignorant of its parent of origin; A = I), 19 

whether the gene’s action is conditional upon it being of maternal origin (A = M), or whether 20 

the gene’s action is conditional upon it being of paternal origin (A = P). We assume separate 21 

sexes (defined by the set i = {m,f}), such that a given carrier of the gene may be female (i = 22 

f) or male (i = m). Accordingly, the appropriate measure of relative fitness is a class-23 

reproductive-value-weighted average taken across females and males, i.e. W = ½Wf + ½Wm, 24 

where Wf is the relative fitness of the female carrying the gene and Wm is the relative fitness 25 
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of the male carrying the gene (Taylor 1996; Taylor & Frank 1996). The relative fitness of a 26 

female may be written as Wf(xf, yf, zf), where xf is the level of sleep of the focal female, yf is 27 

the average level of sleep of the females in the focal patch, and zf is the average level of 28 

sleep of the females in the population, with values ranging from 0 (no sleep) to 1 (sleep 29 

throughout the whole sleeping period). Similarly, the relative fitness of a male may be 30 

written as Wm(xm, ym, zm), where xm is the level of sleep of the focal male, ym is the average 31 

level of sleep of the males in the focal patch, and zm is the average level of sleep of the males 32 

in the population, with values again ranging from 0 (no sleep) to 1 (sleep throughout the 33 

whole sleeping period).  34 

 35 

Following the approach of Taylor & Frank (1996) for a class-structured population, we may 36 

write dW/dgi|A = ½(dWf/dgf|A) + ½ (dWm/dgm|A) = ½ ((∂Wf/∂xf)(dxf/dGf)(dGf/dgf|A) + 37 

(∂Wf/∂yf)(dyf/dGf’)(dGf’/dgf|A) + (∂Wf/∂ym)(dym/dGm’)(dGm’/dgf|A)) + ½ 38 

((∂Wm/∂xm)(dxm/dGm)(dGm/dgm|A) + (∂Wm/∂ym)(dym/dGm’)(dGm’/dgm|A) + 39 

(∂Wm/∂yf)(dyf/dGf’)(dGf’/dgm|A)), where: Gf is the focal female’s breeding value, Gf’ is the 40 

average breeding value of the females in the focal patch; dxf/dGf = dyf/dGf’ = γf is the 41 

mapping between genotype and phenotype in the females; dGf/dgf|A = pf|A is the 42 

consanguinity of the genic actor A in the focal female to the female herself; dGf’/dgf|A = pff|A 43 

is the consanguinity of the genic actor A in the focal female with a randomly-chosen female 44 

on her patch; dGm’/dgf = pfm|A is the consanguinity of the genic actor A in the focal female 45 

with a randomly-chosen male on her patch; Gm is the focal male’s breeding value; Gm’ is the 46 

average breeding value of the males in the focal patch; dxm/dGm = dym/dGm’ = γm is the 47 

mapping between genotype and phenotype in the males; dGm/dgm = pm|A is the consanguinity 48 

of the genic actor A in the focal male to the male himself; dGf’/dgm = pmf|A is the 49 

consanguinity of the genic actor A in the focal male with a randomly-chose female on his 50 
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patch; and dGm’/dgm = pmm|A is the consanguinity of the genic actor A in the focal male with a 51 

randomly-chosen male on his patch. The consanguinity between a genic actor A to its carrier 52 

is the same no matter the class of the genic actor A or the sex that we are considering and, 53 

therefore, pf|A = pm|A = p. We divide all terms of the right-side of the equation by p to get the 54 

kin-selection coefficient of relatedness (see below; Bulmer 1994). 55 

 56 

If sleep cannot evolve independently in females and males, then γf = 1 and γm = 1. In this 57 

scenario, all derivatives are evaluated at xf = xm = yf = ym = zf = zm = z. Accordingly, natural 58 

selection favours an increase in the level of sleep in females and males if: 59 

 60 

 (Cf(z) + Bff(z)rff|A + Bfm(z)rfm|A) + (Cm(z) + Bmm(z)rmm|A + Bmf(z)rmf|A) > 0,            (A1) 61 

 62 

where: Cf(z) = ∂Wf/∂xf; Bff(z) = ∂Wf/∂yf; Bfm(z) = ∂Wf/∂ym; Cm(z) = ∂Wm/∂xm; Bmm(z) = 63 

∂Wm/∂ym; Bmf(z) = ∂Wm/∂yf; rff|A = pff|A/p; rfm|A = pfm|A/p; rmm|A = pmm|A/p; and rmf|A = pmf|A/p. 64 

If sleep can evolve independently in females and males, then γf = 1 and γm = 0 when 65 

analysing sleep in females and γf = 0 and γm = 1 when analysing sleep in males. In this 66 

scenario, all derivatives are evaluated at xf = yf = zf and at xm = ym = zm. Accordingly, natural 67 

selection favours an increase in the level of sleep in females if: 68 

 69 

Cf(zf) + Bff(zf)rff|A + Bmf(zf)rmf|A > 0                 (A2) 70 

 71 

and an increase in the level of sleep in males if: 72 

 73 

Bfm(zm)rfm|A + Cm(zm) + Bmm(zm)rmm|A > 0.               (A3) 74 

 75 
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1.1 Inclusive fitness predictions when there are no sex differences and genes do not 76 

know their origin 77 

 78 

We now assume that there are no sex differences and that genes are ignorant to their origin. 79 

Therefore, we can simplify the inequality (A1) to C(z) + B(z)rI > 0, where rI is the average 80 

relatedness between a genic actor ignorant to its origin in the focal individual and a random 81 

individual in her patch, C(z) is how sleep of the focal individual impacts her own fitness, and 82 

B(z) is how the sleep of the focal individual’s social partners impacts the fitness of the focal 83 

individual. We define a function J(z*, r) = C(z*) + B(z*)rI, where z* represents a sleep 84 

optimum (formally, a convergence stable strategy; Christiansen 1991; Taylor 1996). Being a 85 

sleep optimum means that the population is at its sleep equilibrium and, therefore, J(z*, rI) = 86 

0. To be an evolutionary stable equilibrium, it also needs to be convergent stable and the 87 

condition ∂J/∂z* < 0 needs to be met. Making those assumptions, and using the chain rule of 88 

derivation, we get dJ/drI = (∂J/∂rI) + (∂J/∂z*)(dz*/drI) = 0 and, rearranging, dz*/drI = – 89 

(∂J/∂rI)/(∂J/∂z*). Defining a function S that returns the sign (positive, negative, or zero), we 90 

obtain S(dz*/drI) = S(∂J/∂rI) = S(B(z*)) (Pen 2000; Farrell et al. 2015). Consequently, if 91 

social partners’ sleep improves the individual’s fitness (B > 0), then higher relatedness is 92 

associated with a higher sleep optimum (dz*/drI > 0); if social partners’ sleep decreases the 93 

individual’s fitness (B < 0), then higher relatedness is associated with a lower sleep optimum 94 

(dz*/drI < 0); if social partners’ sleep does not affect the individual’s fitness (B = 0), then 95 

higher relatedness is not associated with a higher or lower sleep optimum (dz*/drI = 0). 96 

 97 

1.2 Inclusive fitness predictions when there are no sex differences and genes know their 98 

origin 99 

 100 
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We now assume that there are no sex differences and that genes do know their origin. 101 

Therefore, we can simplify the inequality (A1) to C(z) + B(z)rA > 0, where rA is the average 102 

relatedness between a genic actor A in the focal individual and a random individual in her 103 

patch. Following the approach from section 1.1, we get S(dz*/drA) = S(∂J/∂rA) = S(B(z*)) 104 

(Pen 2000; Farrell et al. 2015). Therefore, 1) if the sleep of social partners improves an 105 

individual’s fitness (B > 0), then the sleep optimum is higher for maternal-origin genes than it 106 

is for paternal-origin genes (zM* > zP*, where zM* represents a sleep optimum for the 107 

maternal-origin genes and zP* represents a sleep optimum for the paternal-origin genes) when 108 

relatedness is higher for the former than for the latter (rM > rP, where rM represents the 109 

average relatedness between a maternal-origin gene in the focal individual and a random 110 

individual in her patch and rP represents the average relatedness between a paternal-origin 111 

gene in the focal individual and a random individual in her patch), and the sleep optimum is 112 

lower for maternal-origin genes than it is for paternal-origin genes (zM
* < zP

*) when 113 

relatedness is lower for the former than for the latter (rM < rP); 2) if the sleep of social 114 

partners decreases an individual’s fitness (B < 0), then the sleep optimum is lower for 115 

maternal-origin genes than it is for paternal-origin genes (zM
* < zP

*) when relatedness is 116 

higher for the former than for the latter (rM > rP), and the sleep optimum is higher for 117 

maternal-origin genes than it is for paternal-origin genes (zM
* > zP

*) when relatedness is lower 118 

for the former than for the latter (rM < rP); and 3) if the sleep of social partners does not affect 119 

an individual’s fitness (B = 0), then the sleep optimum for maternal-origin genes is equal to 120 

that for paternal-origin genes (zf
* ≈ zm

*) and relatedness does not shape the sleep optimum. 121 

 122 

1.3 Inclusive fitness predictions when there are sex differences and genes do not know 123 

their origin 124 

 125 
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We now assume that females and males may have different relatedness to their social 126 

partners, with the costs and benefits associated with a given sleeping schedule being the 127 

same. We also assume that genes do not know their origin. Therefore, we can simplify the 128 

inequalities (A2) and (A3) to Cf(zf) + Bff(zf)rff|I + Bmf(zf)rff|I > 0 and Cm(zm) + Bmm(zm)rmm|I + 129 

Bfm(zm)rfm|I > 0, respectively. For simplicity, we assume that Cf = Cm = C and that Bff = Bfm = 130 

Bmm = Bmf = B, meaning that the inequalities become C(zf) + B(zf)rf|I > 0 and C(zm) + 131 

B(zm)rm|I > 0, and rf|I is the average relatedness for the females in their patch and rm|I is the 132 

average relatedness for the males in their patch for a genic actor ignorant to its origin. 133 

Following the same strategy as in section 1.1, an evolutionary stable equilibrium also needs 134 

to be convergent stable and the conditions ∂J/∂zf* < 0 and ∂J/∂zm* < 0 need to be met (where 135 

zf* represents a sleep optimum for the females and zm* represents a sleep optimum for the 136 

males). Using the chain rule of derivation, we get dJ/drf|I = (∂J/∂rf|I) + (∂J/∂zf*)(dzf*/drf|I) = 137 

0, which rearranges to dzf*/drf|I = – (∂J/∂rf|I)/(∂J/∂zf*), and dJ/drm|I = (∂J/∂rm|I) + 138 

(∂J/∂zm*)(dzm*/drm|I) = 0, which rearranges to dzm*/drm|I = – (∂J/∂rm|I)/(∂J/∂zm*). Defining a 139 

function S that returns the sign (positive, negative, or zero), we obtain S(dzf*/drf|I) = 140 

S(dzm*/drm|I) = S(∂J/∂rf|I) = S(∂J/∂rm|I) = S(B(zf*)) = S(B(zm*)) (Pen 2000; Farrell et al. 2015) 141 

and the same conclusions as in section 1.1 applies.  142 

 143 

Therefore, 1) if the sleep of social partners improves an individual’s fitness (B > 0), then the 144 

sleep optimum is higher for females than it is for males (zf* > zm*) when relatedness is higher 145 

for the former than for the latter (rf|I > rm|I), and the sleep optimum is lower for females than it 146 

is for males (zf* < zm*) when relatedness is lower for the former than for the latter (rf|I < rm|I); 147 

2) if the sleep of social partners decreases an individual’s fitness (B < 0), then the sleep 148 

optimum is lower for females than it if for males (zf* < zm*) when relatedness is higher for 149 

the former than for the latter (rf|I > rm|I), and the sleep optimum is higher for females than it is 150 
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for males (zf* > zm*) when relatedness is lower for the former than for the latter (rf|I < rm|I); 151 

and 3) if the sleep of social partners does not affect an individual’s fitness (B = 0), then the 152 

sleep optimum for females is equal to that for males (zf* ≈ zm*) and relatedness does not 153 

shape the sleep optimum. 154 

 155 

2. Illustrative model 156 

 157 

Life cycle – We consider an infinite diploid population divided into patches (Wright 1931) 158 

containing nf females and nm males, with every female mating with every male in her patch, 159 

and vice versa. During their sleeping period, females and males spent a proportion of this 160 

time sleeping – level of sleep – which is necessary for the maintenance of the organism and 161 

to cooperate successfully with social partners in their patch. This is counterbalanced by the 162 

presence of an external danger, which deleterious effects increase with the level of sleep, and 163 

by the probability of gaining mating opportunities, which decreases with the level of sleep. 164 

Specifically, a female’s fecundity is: 165 

 166 

𝑓f = (𝑥f − 𝑚)𝑏f(
𝑦f+𝑦m

2
− 𝑚) (1 −

𝑦f+𝑦m

2
)

𝑎
(

1−𝑐f𝑥f

1− 𝑐f𝑦f
),               (A4) 167 

 168 

where: m is the minimal amount of sleep that individuals require; bf defines how the benefits 169 

of sleep increase throughout the night for the females (close to 0 the benefits grow 170 

exponentially, close to 1 the benefits grow linearly); a is the probability of an external danger 171 

being present in the environment; and cf is the probability of gaining mating opportunities by 172 

sacrificing sleep in females. Therefore, (𝑥f − 𝑚)𝑏f  defines the maintenance of the focal 173 

female’s body through sleep, (
𝑦f+𝑦m

2
− 𝑚) defines the cooperation within the group, (1 −174 
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𝑦f+𝑦m

2
)

𝑎
 defines the vigilance within the group, and (

1−𝑐f𝑥f

1−𝑐f𝑦f
) defines the mating competition 175 

between the females in the group. Likewise, a male’s fecundity is: 176 

 177 

𝑓M = (𝑥m − 𝑚)𝑏m(
𝑦f+𝑦m

2
− 𝑚) (1 −

𝑦f+𝑦m

2
)

𝑎
(

1−𝑐m𝑥m

1−𝑐m𝑦m
),               (A5) 178 

 179 

where bm defines how the benefits of sleep increase throughout the night for the males (close 180 

to 0 the benefits grow exponentially, close to 1 the benefits grow linearly) and cm is the 181 

probability of gaining mating opportunities by sacrificing sleep in males. Therefore, (𝑥m −182 

𝑚)𝑏m defines the maintenance of the focal male’s body through sleep, and (
1−𝑐m𝑥m

1−𝑐m𝑦m
) defines 183 

the mating competition between the males in the group. Following mating, each female 184 

produces a large number of offspring, with an even sex-ratio, in proportion to her fecundity. 185 

Adults then die. Juveniles then form groups – or buds – of large size at random within their 186 

patch and each group either disperse to a random patch with probability dB or remain in the 187 

focal patch otherwise (Haldane 1932). After budding dispersal, juveniles can still disperse 188 

individually, with females dispersing with probability df and males dispersing with 189 

probability dm to a random patch or else remaining in their current patch. Following 190 

individual dispersal, nf females and nm males survive at random within each patch to 191 

adulthood, returning the population to the beginning of the life cycle.  192 

 193 

Natural selection – Female relative fitness in this model is given by: 194 

 195 

𝑊f = 𝑓f (
1−𝑑B

(1−𝑑B)𝐹f+𝑑B𝐹f
+

𝑑B

𝐹f
),                            (A6) 196 

 197 
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where: 𝐹f = 𝑓f|𝑥𝑓=𝑦𝑓
; and 𝐹̅f = 𝑓f|𝑥𝑓=𝑧𝑓,   𝑦𝑓=𝑧𝑓,   𝑦𝑚=𝑧𝑚

. Likewise, male relative fitness in this 198 

model is given by: 199 

 200 

𝑊m =
𝑓m

𝐹m
𝐹f (

1−𝑑B

(1−𝑑B)𝐹f+𝑑B𝐹f
+

𝑑B

𝐹f
),                 (A7) 201 

 202 

where 𝐹m = 𝑓m|𝑥𝑚=𝑦𝑚
. We can now use the inequalities derived in section 1 to reach the 203 

marginal fitness equations for the evolution of sleep and, consequently, to derive the optimal 204 

level of sleep for the different scenarios explored in the main text (see below).  205 

 206 

 Relatedness – The relatedness between a genic actor A in the focal female with a randomly-207 

chosen female in her patch (including the focal female herself) is approximately given by: 208 

 209 

𝑟ff|A =
1

𝑛f
+

𝑛f−1

𝑛f
(1 − 𝑑f)

2𝑟A,                  (A8) 210 

 211 

where: with probability 
1

𝑛f
 the randomly chosen female is the focal female herself, in which 212 

case relatedness is 1; and with probability 
𝑛f−1

𝑛f
 is a different female, in which case they are 213 

only related if they are both locals (1 − 𝑑f)
2 and, if so, their relatedness is defined by the 214 

relatedness through the genic actor A (rA) in the focal female. The approximation becomes 215 

exact in the limit of vanishingly weak selection. For the relatedness between a genic actor A 216 

in the focal female with a random male in her patch: 217 

 218 

𝑟fm|A = (1 − 𝑑f)(1 − 𝑑m)𝑟A,                  (A9) 219 

 220 
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and they are only related if they are both locals (1 – df)(1 – dm) and, if so, their relatedness is 221 

defined by the relatedness through the genic actor A (rA) in the focal female. For the 222 

relatedness between a genic actor A in the focal male and randomly-chosen male in his patch 223 

(including the focal male himself): 224 

 225 

𝑟mm|A =
1

𝑛m
+

𝑛m−1

𝑛m
(1 − 𝑑m)2𝑟A,               (A10) 226 

 227 

where: with probability 
1

𝑛m
 the randomly chosen male is the focal male himself, in which case 228 

relatedness is 1; and with probability 
𝑛m−1

𝑛m
 is a different male, in which case they are only 229 

related if they are both locals (1 − 𝑑m)2 and, if so, their relatedness is defined by the 230 

relatedness through the genic actor A (rA) in the focal male. For the relatedness between a 231 

genic actor A in the focal male with a random female in his patch: 232 

 233 

𝑟mf|A = (1 − 𝑑m)(1 − 𝑑f)𝑟A,                         (A11) 234 

 235 

and they are only related if they are both locals (1 – dm)(1 – df) and, if so, their relatedness is 236 

defined by the relatedness through the genic actor A (rA) in the focal male. Note that 𝑟mf|A =237 

 𝑟fm|A and, therefore, we use 𝑟fm|A to represent both throughout the rest of the appendix.  238 

 239 

Relatedness through the genic actor A between two different juveniles born in the same patch 240 

is then given by rA = pA’/p, where pA’ is the consanguinity through the genic actor A between 241 

two individuals born in the same patch and is defined by picking the genic actor A from the 242 

focal individual and a random gene from the other individual and calculating the probability 243 

that the two are identical by descent (Bulmer 1994). Focusing upon ignorant genes (A = I) 244 
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and assuming that consanguinities are at their neutral-equilibrium values, appropriate if 245 

selection is weak (Gardner et al. 2011), we write: 246 

 247 

𝑝I
′ =

1

4
(

1

𝑛f
𝑝 +

𝑛f−1

𝑛f
(1 − 𝑑f)

2𝑝I
′) +

1

4
(

1

𝑛m
𝑝 +

𝑛m−1

𝑛m
(1 − 𝑑m)2𝑝I

′) +
1

2
(1 − 𝑑f)(1 − 𝑑m)𝑝I

′,          (A12) 248 

 249 

where: with probability of ¼ we may have drawn the maternal-origin genes from both 250 

individuals, in which case with probability of 
1

𝑛f
 they share the same mother (and they have 251 

consanguinity of p) and with probability of 
𝑛f−1

𝑛f
 they have different mothers (and they will 252 

only have consanguinity if both mothers are local, giving a consanguinity of (1 − 𝑑f)
2𝑝I

′); 253 

with probability of ¼ we may have drawn the paternal-origin genes from both individuals, in 254 

which case with probability of 
1

𝑛m
 they share the same father (and they have consanguinity of 255 

p) and with probability of 
𝑛m−1

𝑛m
 they have different fathers (and they will only have 256 

consanguinity if both fathers are local, giving a consanguinity of (1 − 𝑑m)2𝑝I
′); and with 257 

probability of ½ we have drawn the maternal-origin gene from one and the paternal-origin 258 

gene from the other and they will only have consanguinity if both these parents are locals 259 

(giving a consanguinity of (1 − 𝑑f)(1 − 𝑑m)𝑝I
′). Rearranging, we get: 260 

 261 

𝑝I
′ =

𝑛f+𝑛𝑚

(1−𝑑f)2𝑛m+(1−𝑑m)2𝑛f+(4−𝑑f−𝑑m)(𝑑f+𝑑m)𝑛m𝑛f
𝑝,             (A13) 262 

 263 

and the relatedness between two random individuals born in the same patch is then given by 264 

rI = pI’/p (Bulmer 1994). Rearranging, we obtain: 265 

 266 

𝑟I =
𝑛f+𝑛𝑚

(1−𝑑f)2𝑛m+(1−𝑑m)2𝑛f+(4−𝑑f−𝑑m)(𝑑f+𝑑m)𝑛m𝑛f
.             (A14) 267 
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 268 

But we can also separate the consanguinity between two juveniles in their maternal- and 269 

paternal-origin components. That is: 270 

 271 

𝑝I
′ =

1

2
(𝑝M

′ + 𝑝P
′),                 (A15) 272 

 273 

and by its turn: 274 

 275 

𝑝M
′ =

1

2
(

1

𝑛f

𝑝 +
𝑛f−1

𝑛f

(1 − 𝑑f)
2𝑝

I
′) +

1

2
(1 − 𝑑f)(1 − 𝑑m)𝑝

I
′;            (A16) 276 

 277 

𝑝P
′ =

1

2
(

1

𝑛m

𝑝 +
𝑛m−1

𝑛m

(1 − 𝑑m)2𝑝
I
′) +

1

2
(1 − 𝑑f)(1 − 𝑑m)𝑝

I
′.            (A17) 278 

 279 

Relatedness between two random individuals in the same patch through their maternal-origin 280 

genes is then given by rM = pM’/p (Bulmer 1994) and through their paternal-origin genes by 281 

rP = pP’/p (Bulmer 1994). Rearranging, we obtain: 282 

 283 

𝑟M =
(2−𝑑f−𝑑m)(𝑛f−𝑑m+𝑑f(1−𝑛f))+𝑛m(2+𝑑f(1−𝑑m)+𝑑m(3−𝑑m))

2𝑛f(1−𝑑m)2+2𝑛m(1−𝑑f)2+2𝑛f𝑛m(4−𝑑f−𝑑m)(𝑑f+𝑑m)
;            (A18) 284 

 285 

𝑟P =
𝑑f

2(1−𝑛f)+𝑑m(2+𝑛f−𝑑m(1−𝑛m)−3𝑛m)+2(𝑛f+𝑛m)−𝑑f(2−𝑛f(3−𝑑m)+𝑛m(1−𝑑m))

2𝑛f(1−𝑑m)2+2𝑛m(1−𝑑f)2+2𝑛f𝑛m(4−𝑑f−𝑑m)(𝑑f+𝑑m)
.          (A19) 286 

 287 

We can replace the equations (A14; A18-19) into the equations (A8-11) to obtain the 288 

different coefficients of relatedness for genes ignorant of their origin (A = I), for maternal-289 

origin genes (A = M), and for paternal-origin genes (A = P), respectively. 290 

 291 
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2.1 Evolution of sleep cannot evolve independently in females and males 292 

 293 

Sentinel model – Here we explore the case where individuals can sacrifice sleep to increase 294 

the vigilance in their group but not their mating opportunities (cf = cm = 0). We assume that 295 

the benefits that females and males get throughout their sleep is similar (bf = bm = b), that 296 

sleep cannot evolve independently in females and males (γf = 1; γm = 1), and diploidy (vf = vm 297 

= ½). We now can obtain the derivatives of the left side of the inequality (A1) and obtain the 298 

marginal fitness equation for the present model: 299 

 300 

2𝑏(2−(1−𝑑B)2𝑟ff|A+(2−𝑑B)𝑑B𝑟fm|A−𝑟mm|A)(1−𝑧∗)+(2−𝑑B)𝑑B(𝑟ff|A+2𝑟fm|A+𝑟mm|A)(1+𝑎 𝑚−(1+𝑎)𝑧∗) 

4(𝑧∗−𝑚)(1−𝑧∗)
= 0.  (A20) 301 

 302 

Now we can solve the equation (A20) for 𝑧∗ to get the equation for the optimal level of sleep: 303 

 304 

𝑧∗ =
𝑑B(2−𝑑B)(1+𝑎𝑚)(𝑟ff|A+2𝑟fm|A+𝑟mm|A)+2𝑏(2(1+𝑑B𝑟fm|A)−(1−𝑑B)2𝑟ff|A−𝑟fm|A𝑑B

2−𝑟mm|A)

𝑑B(1+𝑎)(2−𝑑B)(𝑟ff|A+2𝑟fm|A+𝑟mm|A)+2𝑏(2(1+𝑑B𝑟fm|A)−(1−𝑑B)2𝑟ff|A−𝑟fm|A𝑑B
2−𝑟mm|A)

.         (A21) 305 

 306 

We can now use the equation (A21) with the values of the main text to get the Figure 1A, 307 

with the assumption that genes are ignorant to their origin (A = I). We can also obtain Figure 308 

S1A with that same equation, following the same assumption, but now using different values 309 

(see below). Similarly, we can obtain the values of sleep favoured by the maternal-origin 310 

genes (A = M) and by the paternal-origin genes (A = P) as shown in Figure 3A and Figure 311 

S3A.  312 

 313 

Reproductive model – Here we explore the case where individuals can sacrifice sleep to gain 314 

additional mating opportunities but not to increase the vigilance in their group (a = 0). We 315 

assume that females and males benefit from this strategy to the same degree (cf = cm = c). We 316 
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also assume that the benefits that females and males get throughout their sleep is similar (bf = 317 

bm = b), that sleep cannot evolve independently in females and males (γf = 1; γm = 1), and 318 

diploidy (vf = vm = ½). Using the same approach as above, we get the following marginal 319 

fitness equation:  320 

 321 

(1−𝑐𝑧∗)(𝑑B(2−𝑑B)(𝑟ff|A+2𝑟fm|A+𝑟mm|A)+2𝑏(2−(1−𝑑B)2𝑟ff|A+𝑑B(2−𝑑B)𝑟fm|A−𝑟mm|A))−2𝑐(2−𝑟ff|A−𝑟mm|A)(𝑧∗−𝑚)

4(𝑧−𝑚)(1−𝑐𝑧∗)
= 0. (A22) 322 

 323 

Now we can solve the equation (A22) for 𝑧∗ to get the equation for the optimal level of sleep: 324 

 325 

𝑧∗ =
2𝑐 𝑚(2−𝑟ff|A−𝑟mm|A)+𝑑B(2−𝑑B)(𝑟ff|A+2𝑟fm|A+𝑟mm|A)+2𝑏(2−(1−𝑑B)2𝑟ff|A+𝑑B(2−𝑑B)𝑟fm|A−𝑟mm|A)

𝑐(2(2−𝑟ff|A−𝑟mm|A)+𝑑B(2−𝑑B)(𝑟ff|A+2𝑟fm|A+𝑟mm|A)+2𝑏(2−(1−𝑑B)2𝑟ff|A+𝑑B(2−𝑑B)𝑟fm|A−𝑟mm|A))
.           (A23) 326 

 327 

We can now use the equation (A23) with the values of the main text to get the Figure 1B, 328 

with the assumptions that genes are ignorant to their origin (A = I). We can also obtain Figure 329 

S1B with that same equation, following the same assumption, but now using different values 330 

(see below). As before, we can also obtain the values of sleep favoured by the maternal-331 

origin genes (A = M) and by the paternal-origin genes (A = P) as shown in Figure 3B and 332 

Figure S3B.   333 

 334 

2.2 Evolution of sleep can evolve independently in females and males 335 

 336 

Sentinel model – We now assume that sleep can evolve independently in females and males. 337 

As before, we assume that individuals can sacrifice sleep to increase the vigilance in their 338 

group but not their mating opportunities (cf = cm = 0), that the benefits that females and males 339 

get throughout their sleep is similar (bf = bm = b), that genes are ignorant to their origin (A = 340 

I), and diploidy (vf = vm = ½). We now focus on females’ sleep (γf = 1; γm = 0). We can obtain 341 
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the derivatives of the left side of the inequality (A2) and, with that, the marginal fitness 342 

equation for the females: 343 

 344 

1

2
(

𝑏(1−𝑟ff|I(1−𝑑B)2+𝑟fm|I𝑑B(2−𝑑B)

𝑧f
∗−𝑚

+ 𝑑B(2 − 𝑑B)(𝑟ff|I + 𝑟fm|I)(
1

𝑧f
∗+𝑧m−2𝑚

−
𝑎

2−𝑧f
∗−𝑧m

)) = 0.   (A24) 345 

 346 

We now focus on males’ sleep (γf = 0; γm = 1). We can obtain the derivatives of the left side 347 

of the inequality (A3) and, with that, the marginal fitness equation for the males: 348 

 349 

1

2
(

𝑏(1−𝑟mm|I)

𝑧m
∗−𝑚

+  𝑑B(2 − 𝑑B)(𝑟mm|I + 𝑟fm|I)(
1

𝑧f+𝑧m
∗−2𝑚

−
𝑎

2−𝑧f−𝑧m
∗)) = 0.             (A25) 350 

 351 

Now we can solve the system of equations (A24-25) to get the optimal solutions for both 𝑧f
∗ 352 

and 𝑧m
∗, similar to what we did above. Those solutions can then be used to get the Figure 2A, 353 

using the values of the main text. Note, however, that using those values means that the 354 

equation (A24) is always positive and, as such, females are selected to sleep as much as 355 

possible. This result needs to be incorporated into the equation (A25) when trying to find the 356 

males’ optimal level of sleep. When doing so, there are two solutions but only one makes 357 

sense given the assumptions of the model. A similar pattern is present when using the values 358 

of Figure S2A. However, after a certain value of male dispersal, the equation is no longer 359 

always positive, meaning that we can simply use the solutions of the system of equations 360 

(A24-25) to represent the optimal level of sleep for both females and males.  361 

 362 

Reproductive model – As in the previous section, here we assume that sleep can evolve 363 

independently in females and males, but now we assume that males are the only ones that can 364 

sacrifice sleep to increase their mating opportunities (cf = 0) and that individuals do not 365 
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sacrifice sleep to increase the vigilance in their group (a = 0). Once again, we assume that the 366 

benefits that females and males get throughout their sleep is similar (bf = bm = b), that genes 367 

are ignorant to their origin (A = I), and diploidy (vf = vm = ½). We now focus on females’ 368 

sleep (γf = 1; γm = 0). We can obtain the derivatives of the left side of the inequality (A2) and, 369 

with that, the marginal fitness equation for the females: 370 

 371 

1

2
(

𝑏(1−𝑟ff|I(1−𝑑B)2+𝑟fm|I𝑑B(2−𝑑B)

𝑧f
∗−𝑚

+
𝑑B(2−𝑑B)(𝑟ff|I+𝑟fm|I)

𝑧f
∗+𝑧m−2𝑚

) = 0.               (A26) 372 

 373 

We now focus on males’ sleep (γf = 0; γm = 1). We can obtain the derivatives of the left side 374 

of the inequality (A3) and, with that, the marginal fitness equation for the males: 375 

 376 

1

2
(

𝑏(1−𝑟mm|I)

𝑧m
∗−𝑚

+
 𝑑B(2−𝑑B)(𝑟mm|I+𝑟fm|I)

𝑧f+𝑧m
∗−2𝑚

−
𝑐m(1−𝑟mm|I)

1−𝑐m𝑧m
∗ ) = 0.             (A27) 377 

 378 

Note that equation (A26) is always positive under the assumptions of the model. Therefore, 379 

we can simply assume that females are selected to not sacrifice any sleep. Incorporating such 380 

assumptions into equation (A27) means that two solutions are possible for 𝑧m
∗. Only one 381 

makes sense given the assumptions of the model and, therefore, we can use the values of the 382 

main text to get Figure 2B and, using different values (see below), Figure S2B to represent 383 

the males’ optimal level of sleep.(  384 

 385 
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Figure S1 | How much an individual should sleep depends on the relatedness between the individuals in a group. 
When individuals sacrifice sleep in order to remain alert to dangers which may befall the group (A), individuals sacrifice 
more sleep when relatedness is higher, being that the case when male dispersal is lower. When individuals sacrifice 
sleep in order to gain an advantage over their mate competitors (B), individuals sacrifice more sleep when relatedness 
is lower, being that the case when male dispersal is higher. The following parameter values were used for both panels: 
female dispersal rate df = 0; budding dispersal rate dB = 1; number of adult females nf = 4; number of adult males nm = 
4; minimum level of sleep m = 0.05; and benefits of sleeping throughout the night bf = bm = 1. Additionally, in (A) the 
level of a threat is a = 1 and the mating opportunities that females and males can get through sleep sacrifice is cf = cm = 
0, while in (B) the level of a threat is a = 0 and the mating opportunities that females and males can get through sleep 
sacrifice is cf = cm = 1. Here, we consider male-biased dispersal.
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Figure S2 | Females and males may be favoured to have different sleeping levels. Given that females are more related 
to their social partners than males, females favour less sleep when (A) the sleep sacrifice is being used to protect 
the group against threats. When (B) sleep sacrifice is being used to increase male reproductive benefits, females do 
not favour any sleep sacrifice, with males being the only ones to sacrifice sleep to gain an advantage over their mate 
competitors. Dashed line represents the favoured level of sleep when females and males cannot evolve independently. 
The following parameter values were used for both panels: female dispersal rate df = 0; budding dispersal rate dB = 1; 
number of adult females nf = 4; number of adult males nm = 4; minimum level of sleep m = 0.05; and benefits of sleeping 
throughout the night bf = bm = 1. Additionally, in (A) the level of a threat is a = 1 and the mating opportunities that 
females and males can get through sleep sacrifice is cf = cm = 0, while in (B) the level of a threat is a = 0 and the mating 
opportunities that females and males can get through sleep sacrifice is cf = 0 and cm = 1, respectively. Here, we consider 
male-biased dispersal.
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Figure S3 | Maternal- and paternal-origin genes disagree regarding how much the individual should sleep. Maternal-
origin genes (orange) and paternal-origin genes (blue) will disagree on how much an individual should sleep, being this 
dependent if individuals are sacrificing sleep to (A) protect the group against threats or (B) gain an advantage over their 
mate competitors (with black being the level favoured by a gene ignorant of its origin). Specifically, given that relatedness 
is higher for maternal-origin genes, maternal-origin genes favour less sleep and paternal-origin genes more sleep if 
sleep is considered to be selfish (A). On the contrary, if sleep is considered to be altruistic, then maternal-origin genes 
favour more sleep and paternal-origin genes less sleep (B). The following parameter values were used for both panels: 
female dispersal rate df = 0; budding dispersal rate dB = 1; number of adult females nf = 4; number of adult males nm = 
4; minimum level of sleep m = 0.05; and benefits of sleeping throughout the night bf = bm = 1. Additionally, in (A) the 
level of a threat is a = 1 and the mating opportunities that females and males can get through sleep sacrifice is cf = cm = 
0, while in (B) the level of a threat is a = 0 and the mating opportunities that females and males can get through sleep 
sacrifice is cf = cm = 1. Here, we consider male-biased dispersal.
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Figure S4 | Genomic imprinting on genes responsible for the level of sleep and the effects of possible disruptions. 
Predictions to which gene is expressed and which gene is silent – maternal-origin gene (M, orange) or paternal-origin 
genes (P, blue) – when individuals are sacrificing sleep to protect the group against threats or to gain an advantage 
over their mate competitors. We consider an example for a gene that promotes sleep (promoter) and an example 
for a gene that inhibits sleep (inhibitor). In both cases, we assume male-biased dispersal. Note that for simplicity we 
assume methylation is associated with gene silencing, as is usually the case in mammals (Bird, 2002). In cases where 
methylation is associated with gene activation the outcome for hypo-methylation is expected to be that shown here for 
hyper-methylation, and vice versa.


