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Electronic supplementary material for Faria et al. 2018 “The social evolution of sleep:

sex differences, intragenomic conflicts and clinical pathologies”

First, we introduce a basic model for the social evolution of sleep with three analyses: 1)
absence of sex differences and genes do not know their origin; 2) absence of sex differences
and genes know their origin; and 3) sex differences and genes do not know their origin. And
second, we introduce an illustrative model for the social evolution of sleep with two analyses:
1) sleep cannot evolve independently in females and males; and 2) sleep can evolve

independently in females and males.

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

Natural selection favours any gene that is associated with greater individual fitness (Fisher
1930; Price 1970). Assuming vanishingly little genetic variation, this condition may be
expressed using the mathematics of differential calculus: dW/dg > 0, where g is the genic
value of a gene picked at random from the population and W is the relative fitness of the
individual carrying this gene (Taylor 1996). We consider three scenarios (defined by the set
A = {I,M,P}), concerning whether the action of the gene is independent of its parent of
origin (in which case the gene can be considered ignorant of its parent of origin; A = 1),
whether the gene’s action is conditional upon it being of maternal origin (A = M), or whether
the gene’s action is conditional upon it being of paternal origin (A = P). We assume separate
sexes (defined by the set i = {m,f}), such that a given carrier of the gene may be female (i =
f) or male (i = m). Accordingly, the appropriate measure of relative fitness is a class-
reproductive-value-weighted average taken across females and males, i.e. W = %2Ws + %W,

where W is the relative fitness of the female carrying the gene and Wm is the relative fitness
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of the male carrying the gene (Taylor 1996; Taylor & Frank 1996). The relative fitness of a
female may be written as Wx(x, ys, zf), where x: is the level of sleep of the focal female, ys is
the average level of sleep of the females in the focal patch, and zf is the average level of
sleep of the females in the population, with values ranging from 0 (no sleep) to 1 (sleep
throughout the whole sleeping period). Similarly, the relative fitness of a male may be
written as Wm(Xm, Ym, Zm), where xm is the level of sleep of the focal male, ym is the average
level of sleep of the males in the focal patch, and zm is the average level of sleep of the males
in the population, with values again ranging from 0 (no sleep) to 1 (sleep throughout the

whole sleeping period).

Following the approach of Taylor & Frank (1996) for a class-structured population, we may
write dW/dgija = Y2(dWi/dgfia) + 2 (dWm/dgma) = %2 ((0Ws/0xs) (dxi/dGr)(dG#/dgsa) +
(OWr/oyr)(dye/dGs ) (dGt’/dgra) + (OWe/Oym)(dym/dGm ") (dGm/dgsa)) + Y2

((OWm/0Xm) (dXm/dGm) (dGm/dgmja) + (OWm/Oym)(dym/dGm’)(dGm /dgmja) +
(OWm/0yr)(dy#/dGs ") (dGs’/dgmia)), where: Gg is the focal female’s breeding value, Gt” is the
average breeding value of the females in the focal patch; dx#/dGr = dy#/dGs’ = yr is the
mapping between genotype and phenotype in the females; dG+/dgsa = pfa is the
consanguinity of the genic actor A in the focal female to the female herself; dGs’/dgfa = pfia
is the consanguinity of the genic actor A in the focal female with a randomly-chosen female
on her patch; dGm’/dgs = pmmja IS the consanguinity of the genic actor A in the focal female
with a randomly-chosen male on her patch; Gm is the focal male’s breeding value; Gm’ is the
average breeding value of the males in the focal patch; dXm/dGm = dym/dGm’ = ym is the
mapping between genotype and phenotype in the males; dGm/dgm = pmja is the consanguinity
of the genic actor A in the focal male to the male himself; dG+’/dgm = pmfa is the

consanguinity of the genic actor A in the focal male with a randomly-chose female on his
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patch; and dGm’/dgm = pmmja is the consanguinity of the genic actor A in the focal male with a
randomly-chosen male on his patch. The consanguinity between a genic actor A to its carrier
is the same no matter the class of the genic actor A or the sex that we are considering and,
therefore, pra = pma = p. We divide all terms of the right-side of the equation by p to get the

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

If sleep cannot evolve independently in females and males, then ys =1 and ym = 1. In this
scenario, all derivatives are evaluated at X = Xm = yf = ym = Zf = zm = z. Accordingly, natural

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

(Ct(z) + Bs(2)refia + Bim(z)rma) + (Cm(z) + Bmm(z)rmmja + Bme(z)rmeia) > 0, (AL)

where: Ci(z) = OWr/0xs; Bti(z) = OWr/0ys; Bfm(z) = OW#/0Oym; Cm(z) = OWm/OXm; Bmm(z) =

OWn/OYm; Bmf(z) = OWm/0ys; rifia = praa/p; rfma = Pima/P; rmmia = Pmmia/p; and rmflia = pmia/p.

If sleep can evolve independently in females and males, then ys = 1 and ym = 0 when

analysing sleep in females and y¢ = 0 and ym = 1 when analysing sleep in males. In this

scenario, all derivatives are evaluated at x¢= ys = zf and at xm = ym = zm. Accordingly, natural

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

Ct(zr) + Bs(ze)rima + Bmi(ze)rmsa > 0 (A2)

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

Bfm(zm)rima + Cm(zm) + Bmm(zZm)rmma > 0. (A3)



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

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

know their origin

We now assume that there are no sex differences and that genes are ignorant to their origin.
Therefore, we can simplify the inequality (Al) to C(z) + B(z)ri > 0, where r1 is the average
relatedness between a genic actor ignorant to its origin in the focal individual and a random
individual in her patch, C(z) is how sleep of the focal individual impacts her own fitness, and
B(z) is how the sleep of the focal individual’s social partners impacts the fitness of the focal
individual. We define a function J(z*, r) = C(z*) + B(z*)ri, where z* represents a sleep
optimum (formally, a convergence stable strategy; Christiansen 1991; Taylor 1996). Being a
sleep optimum means that the population is at its sleep equilibrium and, therefore, J(z*, r) =
0. To be an evolutionary stable equilibrium, it also needs to be convergent stable and the
condition 0J/6z* < 0 needs to be met. Making those assumptions, and using the chain rule of
derivation, we get dJ/dr\ = (8J/ori) + (6J/6z*)(dz*/dri) = 0 and, rearranging, dz*/dr = —
(6d/on)l(0d/0z*). Defining a function S that returns the sign (positive, negative, or zero), we
obtain S(dz*/dri) = S(6J/ori) = S(B(z*)) (Pen 2000; Farrell et al. 2015). Consequently, if
social partners’ sleep improves the individual’s fitness (B > 0), then higher relatedness is
associated with a higher sleep optimum (dz*/dri > 0); if social partners’ sleep decreases the
individual’s fitness (B < 0), then higher relatedness is associated with a lower sleep optimum
(dz*/dri < 0); if social partners’ sleep does not affect the individual’s fitness (B = 0), then

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

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

origin
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We now assume that there are no sex differences and that genes do know their origin.
Therefore, we can simplify the inequality (Al) to C(z) + B(z)ra > 0, where ra is the average
relatedness between a genic actor A in the focal individual and a random individual in her
patch. Following the approach from section 1.1, we get S(dz*/dra) = S(6J/0ra) = S(B(z*))
(Pen 2000; Farrell et al. 2015). Therefore, 1) if the sleep of social partners improves an
individual’s fitness (B > 0), then the sleep optimum is higher for maternal-origin genes than it
is for paternal-origin genes (zw* > zp*, where zm* represents a sleep optimum for the
maternal-origin genes and ze* represents a sleep optimum for the paternal-origin genes) when
relatedness is higher for the former than for the latter (rm > rp, where rm represents the
average relatedness between a maternal-origin gene in the focal individual and a random
individual in her patch and re represents the average relatedness between a paternal-origin
gene in the focal individual and a random individual in her patch), and the sleep optimum is
lower for maternal-origin genes than it is for paternal-origin genes (zm" < zp") when
relatedness is lower for the former than for the latter (rm < rp); 2) if the sleep of social
partners decreases an individual’s fitness (B < 0), then the sleep optimum is lower for
maternal-origin genes than it is for paternal-origin genes (zm” < zr*) when relatedness is
higher for the former than for the latter (rm > re), and the sleep optimum is higher for
maternal-origin genes than it is for paternal-origin genes (zm” > zp*) when relatedness is lower
for the former than for the latter (rm < rp); and 3) if the sleep of social partners does not affect
an individual’s fitness (B = 0), then the sleep optimum for maternal-origin genes is equal to

that for paternal-origin genes (zi" = zm") and relatedness does not shape the sleep optimum.

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

their origin



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

We now assume that females and males may have different relatedness to their social
partners, with the costs and benefits associated with a given sleeping schedule being the
same. We also assume that genes do not know their origin. Therefore, we can simplify the
inequalities (A2) and (A3) to C«(zr) + Bs(zs)res + Bme(zf)re > 0 and Cm(zm) + Bmm(zZm)rmmi +
Bfm(zm)rmy > 0, respectively. For simplicity, we assume that Cs = Cm = C and that Bt = Bm =
Bmm = Bmf = B, meaning that the inequalities become C(zf) + B(zf)rqi > 0 and C(zm) +
B(zm)rmi > 0, and rs is the average relatedness for the females in their patch and rm) is the
average relatedness for the males in their patch for a genic actor ignorant to its origin.
Following the same strategy as in section 1.1, an evolutionary stable equilibrium also needs
to be convergent stable and the conditions 6J/0z¢* < 0 and 6J/0zm* < 0 need to be met (where
z¢e* represents a sleep optimum for the females and zm* represents a sleep optimum for the
males). Using the chain rule of derivation, we get dJ/drsy = (8J/ors) + (0J/0z¢*)(dze*/dry) =
0, which rearranges to dze*/drg = — (0J/0rf)/(0d/0z¢*), and dJ/drmi = (8J/Ormp) +
(0J/0zm*)(dzm™/drmi) = 0, which rearranges to dzm*/drm; = — (6J/0rmn)/(6J/0zm*). Defining a
function S that returns the sign (positive, negative, or zero), we obtain S(dze*/drsi) =
S(dzm*/drmy) = S(6J/0r1) = S(AJ/ormp) = S(B(z¢*)) = S(B(zm*)) (Pen 2000; Farrell et al. 2015)

and the same conclusions as in section 1.1 applies.

Therefore, 1) if the sleep of social partners improves an individual’s fitness (B > 0), then the
sleep optimum is higher for females than it is for males (zs* > zm*) when relatedness is higher
for the former than for the latter (rqi > rmy), and the sleep optimum is lower for females than it
is for males (zr* < zm*) when relatedness is lower for the former than for the latter (rei < rmjp);
2) if the sleep of social partners decreases an individual’s fitness (B < 0), then the sleep
optimum is lower for females than it if for males (zr* < zm*) when relatedness is higher for

the former than for the latter (ri > rmy), and the sleep optimum is higher for females than it is
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for males (ze* > zm*) when relatedness is lower for the former than for the latter (rei < rm);
and 3) if the sleep of social partners does not affect an individual’s fitness (B = 0), then the
sleep optimum for females is equal to that for males (zf* ~ zm*) and relatedness does not

shape the sleep optimum.

2. Hlustrative model

Life cycle — We consider an infinite diploid population divided into patches (Wright 1931)
containing ns females and nm males, with every female mating with every male in her patch,
and vice versa. During their sleeping period, females and males spent a proportion of this
time sleeping — level of sleep — which is necessary for the maintenance of the organism and
to cooperate successfully with social partners in their patch. This is counterbalanced by the
presence of an external danger, which deleterious effects increase with the level of sleep, and
by the probability of gaining mating opportunities, which decreases with the level of sleep.

Specifically, a female’s fecundity is:

fi = Cep = m)PrEm — ) (1 - 2etm) (docmty (Ad)

2 1- crys

where: m is the minimal amount of sleep that individuals require; br defines how the benefits
of sleep increase throughout the night for the females (close to O the benefits grow

exponentially, close to 1 the benefits grow linearly); a is the probability of an external danger
being present in the environment; and c is the probability of gaining mating opportunities by

sacrificing sleep in females. Therefore, (x; — m)?f defines the maintenance of the focal

female’s body through sleep, (y”% — m) defines the cooperation within the group, (1 -
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yf+ym)
—-C

a —
defines the vigilance within the group, and (i;f;if) defines the mating competition
fVf

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

a 4_
fit = G — )P (2 — ) (1 — 22m) " (=i, (A5)

where bm defines how the benefits of sleep increase throughout the night for the males (close
to 0 the benefits grow exponentially, close to 1 the benefits grow linearly) and cm is the

probability of gaining mating opportunities by sacrificing sleep in males. Therefore, (x,, —

m)Pm defines the maintenance of the focal male’s body through sleep, and (%) defines

the mating competition between the males in the group. Following mating, each female
produces a large number of offspring, with an even sex-ratio, in proportion to her fecundity.
Adults then die. Juveniles then form groups — or buds — of large size at random within their
patch and each group either disperse to a random patch with probability ds or remain in the
focal patch otherwise (Haldane 1932). After budding dispersal, juveniles can still disperse
individually, with females dispersing with probability dr and males dispersing with
probability dm to a random patch or else remaining in their current patch. Following
individual dispersal, nt females and nm males survive at random within each patch to

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

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

szff(i'*‘d_]g), (A6)

(1-dp)Fe+dgFr =~ Ff
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where: F; = ff|xf=yf; and F; = ff|xf=zf, V=2, Ym=zm" Likewise, male relative fitness in this

model is given by:

Wy = 2 (—ods__ . dn), A7)

Fm ' \(1-dp)Fg+dpFf = Ff

where F, = fil . We can now use the inequalities derived in section 1 to reach the

Xm=Ym

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

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

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

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

1 -1
Tija = 5+ o (1= )7, (A8)

ne

where: with probability nlf the randomly chosen female is the focal female herself, in which

case relatedness is 1; and with probability ”fn—_l is a different female, in which case they are
f

only related if they are both locals (1 — d¢)? and, if so, their relatedness is defined by the
relatedness through the genic actor A (ra) in the focal female. The approximation becomes
exact in the limit of vanishingly weak selection. For the relatedness between a genic actor A

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

Timja = (1 = d))(1 — di )7y, (A9)
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and they are only related if they are both locals (1 — df)(1 — dm) and, if so, their relatedness is
defined by the relatedness through the genic actor A (ra) in the focal female. For the
relatedness between a genic actor A in the focal male and randomly-chosen male in his patch

(including the focal male himself):

_ 1 Nm—1
mm|A = E +

(1 — dp)>7a, (A10)

NMm

where: with probability ni the randomly chosen male is the focal male himself, in which case

relatedness is 1; and with probability "1‘:—_1 is a different male, in which case they are only

related if they are both locals (1 — d,,)? and, if so, their relatedness is defined by the
relatedness through the genic actor A (ra) in the focal male. For the relatedness between a

genic actor A in the focal male with a random female in his patch:
Tmfla = (1 —dy) (1 — dp)ra, (Al1)

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

defined by the relatedness through the genic actor A (ra) in the focal male. Note that r,¢x =

Trm|a @nd, therefore, we use rqy 4 to represent both throughout the rest of the appendix.

Relatedness through the genic actor A between two different juveniles born in the same patch
is then given by ra = pa’/p, where pa’ is the consanguinity through the genic actor A between
two individuals born in the same patch and is defined by picking the genic actor A from the
focal individual and a random gene from the other individual and calculating the probability

that the two are identical by descent (Bulmer 1994). Focusing upon ignorant genes (A = 1)

10
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and assuming that consanguinities are at their neutral-equilibrium values, appropriate if

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

ng—1

p' = i(nfp Rl Gl deip') + (

m) b1 ) + % (1 - df)(l - dm)pll’ (Alz)

where: with probability of ¥4 we may have drawn the maternal-origin genes from both

individuals, in which case with probability of nif they share the same mother (and they have

consanguinity of p) and with probability of o they have different mothers (and they will

only have consanguinity if both mothers are local, giving a consanguinity of (1 — d¢)?p,’);

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

which case with probability of ni they share the same father (and they have consanguinity of

nml

p) and with probability of —— they have different fathers (and they will only have

consanguinity if both fathers are local, giving a consanguinity of (1 — d,;,)?p,’); and with
probability of %2 we have drawn the maternal-origin gene from one and the paternal-origin
gene from the other and they will only have consanguinity if both these parents are locals

(giving a consanguinity of (1 — d¢)(1 — d,,)p,’). Rearranging, we get:

1 _ nf+nm
PU = ) i+ (1= dm) 2npt (= dp—dmm) (di+ dm)rmmns L

(A13)

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

ri = pr’/p (Bulmer 1994). Rearranging, we obtain:

n= et . (A14)

(1-dp)?nm+1—dm)?ne+(4—de—dm) (de+dm)nmns

11
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But we can also separate the consanguinity between two juveniles in their maternal- and

paternal-origin components. That is:

! 1 ! !
pi' =5 +pp), (A15)
and by its turn:

p_1 n— , 2
' =5 (Fp+ P2 A — ), ) +5 (1 - d) (1 - d)p; (A16)

(Zp+22 - o)) +5(1 - d) (1~ do)p,. (AL7)

Relatedness between two random individuals in the same patch through their maternal-origin
genes is then given by rm = pm’/p (Bulmer 1994) and through their paternal-origin genes by

re = pp’/p (Bulmer 1994). Rearranging, we obtain:

_ (Z_df_dm)(nf_dm+df(1_nf))+nm(2+df(1_dm)+dm(3_dm)). (A18)
- 2ne(1—dm)2+2nm (1-dp)2 +2nmm (4—de—dm) (ds+dm)

™

_ df* (1-np+dm 2+ni—dm (1-nm)—3nm) +2(M+nm) —df2-ns3—dm) +nm(1-dm))
2n¢(1—dm)?+2nm(1—-df)?+2nmm (4—df—dm) (dr+dm) '

Tp (A19)

We can replace the equations (Al4; A18-19) into the equations (A8-11) to obtain the
different coefficients of relatedness for genes ignorant of their origin (A = I), for maternal-

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

12
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2.1 Evolution of sleep cannot evolve independently in females and males

Sentinel model — Here we explore the case where individuals can sacrifice sleep to increase
the vigilance in their group but not their mating opportunities (cf = cm = 0). We assume that
the benefits that females and males get throughout their sleep is similar (br = bm = b), that
sleep cannot evolve independently in females and males (ys = 1; ym = 1), and diploidy (vf = vm
=1). We now can obtain the derivatives of the left side of the inequality (Al) and obtain the

marginal fitness equation for the present model:

2b(2_(1_dB)2TffIA"'(Z_dB)dBrfmIA_rmmIA)(1:Z*)+(2_d:3)d8(Tff|A+2Tfm|A+Tmm|A)(1+am_(l"’a)Z*) -0 (AZO)
4(z*-m)(1-z*)

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

« _ dp(2—dg)(A+am)(ra+27mja+Tmm(a) +2b(2(1+dpTem a)—(1-dp)?Tefa—Tm|adB ~Tmm|a) (A21)
= 4 )
dg(1+a)(2—dp) (Tt a+2Tfm|a+Tmm|a) +2b(2(1+dpTm|a)—(1—dB)*T¢f|A—Tfm|AdB" ~Tmm|a)

We can now use the equation (A21) with the values of the main text to get the Figure 1A,
with the assumption that genes are ignorant to their origin (A = 1). We can also obtain Figure
S1A with that same equation, following the same assumption, but now using different values
(see below). Similarly, we can obtain the values of sleep favoured by the maternal-origin
genes (A = M) and by the paternal-origin genes (A = P) as shown in Figure 3A and Figure

S3A.

Reproductive model — Here we explore the case where individuals can sacrifice sleep to gain
additional mating opportunities but not to increase the vigilance in their group (a = 0). We

assume that females and males benefit from this strategy to the same degree (cf = cm = C). We

13
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also assume that the benefits that females and males get throughout their sleep is similar (b =
bm = b), that sleep cannot evolve independently in females and males (ys = 1; ym = 1), and
diploidy (v = vm = %2). Using the same approach as above, we get the following marginal

fitness equation:

(1—CZ*)(dB(Z—dB)(rff|A+2rfm|A+rmm|A)+2b(2_(1_dB)2rff|A+dB(z_dB)Tfm|A_Tmm|A))_ZC(2_Tff|A_Tmm|A)(Z*_m) —0 (A22)
4(z—m)(1—cz*) -

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

« _ 2¢m(2=Tga="mm|a)+dB(2—dp)(rfra+2Tfmja+"mm|a)+2b (2= (1-dB)*Tifa+dB(2—dB)Tfm|A~Tmm|A) (A23)
c(2(2-7a—Tmm|a)+dB(2—dB) (Ttfja+27fm|a+Tmm|a)+2b (2—(1-dB)?Ta+dp(2—dB)Tfm|aA—Tmm|a))

We can now use the equation (A23) with the values of the main text to get the Figure 1B,
with the assumptions that genes are ignorant to their origin (A = 1). We can also obtain Figure
S1B with that same equation, following the same assumption, but now using different values
(see below). As before, we can also obtain the values of sleep favoured by the maternal-
origin genes (A = M) and by the paternal-origin genes (A = P) as shown in Figure 3B and

Figure S3B.

2.2 Evolution of sleep can evolve independently in females and males

Sentinel model — We now assume that sleep can evolve independently in females and males.
As before, we assume that individuals can sacrifice sleep to increase the vigilance in their
group but not their mating opportunities (ct = cm = 0), that the benefits that females and males
get throughout their sleep is similar (br = bm = b), that genes are ignorant to their origin (A =

1), and diploidy (vi = vm = 4). We now focus on females’ sleep (yr = 1; ym = 0). We can obtain
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the derivatives of the left side of the inequality (A2) and, with that, the marginal fitness

equation for the females:

1 a

+ dp(2 = d) (g + 71y - )) = 0. (A24)

Zf +Zm—2m 2—7¢"—Zm

1 (b(l_rfﬂl(l_dB)z+rfm|ldB(2_dB)
2 zZf —m

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

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

1 a

1 b(l_rmm)
3 (B 4 (2 = dg) G + i) Gy — )) =o. (A25)

Zm m —2m  2-zZf—Zp,*

Now we can solve the system of equations (A24-25) to get the optimal solutions for both z*
and z,,,*, similar to what we did above. Those solutions can then be used to get the Figure 2A,
using the values of the main text. Note, however, that using those values means that the
equation (A24) is always positive and, as such, females are selected to sleep as much as
possible. This result needs to be incorporated into the equation (A25) when trying to find the
males’ optimal level of sleep. When doing so, there are two solutions but only one makes
sense given the assumptions of the model. A similar pattern is present when using the values
of Figure S2A. However, after a certain value of male dispersal, the equation is no longer
always positive, meaning that we can simply use the solutions of the system of equations

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

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

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

sacrifice sleep to increase their mating opportunities (cf = 0) and that individuals do not
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sacrifice sleep to increase the vigilance in their group (a = 0). Once again, we assume that the
benefits that females and males get throughout their sleep is similar (b = bm = b), that genes
are ignorant to their origin (A = 1), and diploidy (vf = vm = %). We now focus on females’
sleep (yr = 1; ym = 0). We can obtain the derivatives of the left side of the inequality (A2) and,

with that, the marginal fitness equation for the females:

%(b(l_rfﬂl(l_dB)z+Tfm|1dB(2_dB) n dB(Z—dB)(Tff|1+Tfm|1)) —0. (A26)

zZf —m Zf*+zZm—2m

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

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

l (b(l_rmmﬂ) + dB(Z_dB)(Tmm|I+Tfm|I) _ Cm(l_rmmﬂ)) — O. (A27)

Zm*—-m Zf+Zm —-2m 1-cmZm*

Note that equation (A26) is always positive under the assumptions of the model. Therefore,
we can simply assume that females are selected to not sacrifice any sleep. Incorporating such
assumptions into equation (A27) means that two solutions are possible for z,,*. Only one
makes sense given the assumptions of the model and, therefore, we can use the values of the
main text to get Figure 2B and, using different values (see below), Figure S2B to represent

the males’ optimal level of sleep.(

References

Blumberg, M. S. 2015. Developing sensorimotor systems in our sleep. Curr. Dir. Psychol.

Sci. 24:32-37.

16



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

Born, J., B. Rasch, and S. Gais. 2006. Sleep to remember. Neuroscientist 12:410-424.

Bulmer, M. G. 1994. Theoretical evolutionary ecology. Sinauer Associates, Sunderland, MA.

Christiansen, F. B. 1991. On conditions for evolutionary stability for a continuously varying

character. Am. Nat. 138:37-50.

Diekelmann, S., and J. Born. 2010. The memory function of sleep. Nat. Rev. Neurosci.

11:114-126.
Dumoulin Bridi, M. C., S. J. Aton, J. Seibt, L. Renouard, T. Coleman, and M. G. Frank.
2015. Rapid eye movement sleep promotes cortical plasticity in the developing brain. Sci.

Adv. 1:¢1500105-e1500105.

Farrell, E. J., F. Ubeda, and A. Gardner. 2015. Intragenomic conflict over dispersal. Am. Nat.

186:E61-E71.

Field, J. M., and M. B. Bonsall. 2018. The evolution of sleep is inevitable in a periodic world.

PLoS One 13:e0201615.

Fisher, R. A. 1930. The genetical theory of natural selection. Claredon Press, Oxford.

Frank, M., N. Issa, and M. Stryker. 2001. Sleep enhances plasticity in the developing visual

cortex. Neuron 30:275-287.

17



416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

Gardner, A., S. A. West, and G. Wild. 2011. The genetical theory of kin selection. J. Evol.

Biol. 24:1020-1043.

Herculano-Houzel, S. 2015. Decreasing sleep requirement with increasing numbers of

neurons as a driver for bigger brains and bodies in mammalian evolution. Proc. R. Soc. B

282:20151853.

Jenkins, J. G., and K. M. Dallenbach. 1924. Obliviscence during sleep and waking. Am. J.

Psychol. 35:605.

Karni, A., D. Tanne, B. Rubenstein, J. Askenasy, and D. Sagi. 1994. Dependence on REM

sleep of overnight improvement of a perceptual skill. Science 265:679-682.

Maquet, P. 2001. The role of sleep in learning and memory. Science 294:1048-1052.

Meddis, R. 1975. On the function of sleep. Anim. Behav. 23:676-691.

Pen, 1. 2000. Reproductive effort in viscous populations. Evolution 54:293-297.

Price, G. R. 1970. Selection and covariance. Nature 227:520-521.

Roffwarg, H. P., J. N. Muzio, and W. C. Dement. 1966. Ontogenetic development of the

human sleep-dream cycle. Science 152:604-619.

Schmidt, M. H. 2014. The energy allocation function of sleep: a unifying theory of sleep,

18



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

torpor, and continuous wakefulness. Neurosci. Biobehav. Rev. 47:122-153.

Shaffery, J. P., C. M. Sinton, G. Bissette, H. P. Roffwarg, and G. A. Marks. 2002. Rapid eye

movement sleep deprivation modifies expression of long-term potentiation in visual cortex of

immature rats. 110:431-443.

Siegel, J. M. 2009. Sleep viewed as a state of adaptive inactivity. Nat. Rev. Neurosci.

10:747-753.

St-Onge, M. P. 2013. The role of sleep duration in the regulation of energy balance: effects

on energy intakes and expenditure. J Clin Sleep Med 9:73-80.

Stickgold, R. 2005. Sleep-dependent memory consolidation. Nature 437:1272—-1278.

Taylor, P. D. 1996. Inclusive fitness arguments in genetic models of behaviour. J. Math. Biol.

34:654-674.

Taylor, P. D., and S. A. Frank. 1996. How to make a kin selection model. J. Theor. Biol.

180:27-37.

Tononi, G., and C. Cirelli. 2003. Sleep and synaptic homeostasis: a hypothesis. Brain Res.

Bull. 62:143-150.

Tononi, G., and C. Cirelli. 2014. Sleep and the price of plasticity: from synaptic and cellular

homeostasis to memory consolidation and integration. Neuron 81:12-34.

19



466

467

468

469

470

471

472

473

474

Tononi, G., and C. Cirelli. 2006. Sleep function and synaptic homeostasis. Sleep Med. Rev.

10:49-62.

Wright, S. 1931. Evolution in mendelian populations. Genetics 97-159.

Xie, L., H. Kang, Q. Xu, M. J. Chen, Y. Liao, M. Thiyagarajan, J. O’Donnell, D. J.

Christensen, C. Nicholson, J. J. Iliff, T. Takano, R. Deane, and M. Nedergaard. 2013. Sleep

drives metabolite clearance from the adult brain. Science 342:373-377.

20



1r 1
Increased relatedness
leads to less sleep Increased relatedness
-+ leads to more sleep
—_—
E—
Decreased relatedness
leads to more sleep
o o
()] ()
(] [}
- - E——
Y Y
o o Decreased relatedness
7] )
3 > leads to less sleep
- -
0 0 /
0 —— Increasing male dispersalrate ———> 1 0 ——— Increasing male dispersal rate —— 1
<——— Increasing relatedness between —— <— Increasing relatedness between
group mates group mates

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 d, = 0; budding dispersal rate d, = 1; number of adult females . = 4; number of adult males n_ =

4; minimum level of sleep m = 0.05; and benefits of sleeping throughout the night b, = b_ = 1. Additionally, in (A) the
level of a threat is a = 1 and the mating opportunities that females and males can get through sleep sacrificeis ¢, = c_ =

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 ¢, = ¢ _ = 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

<— Increasing relatedness between
group mates

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 d. = 0; budding dispersal rate d, = 1;

number of adult females 7, = 4; number of adult males n_ = 4; minimum level of sleep m = 0.05; and benefits of sleeping

throughout the night b, = b_ = 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 c,= ¢ = 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 ¢, = 0 and ¢_ = 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 d, = 0; budding dispersal rate d, = 1; number of adult females . = 4; number of adult males n_ =

4; minimum level of sleep m = 0.05; and benefits of sleeping throughout the night b, = b_ = 1. Additionally, in (A) the
level of a threat is a = 1 and the mating opportunities that females and males can get through sleep sacrificeis c,= c_ =

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 ¢, = ¢ = 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.




