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1 Mathematical analysis for infinite population

1.1 Model definition

We consider a dioecious, diploid species with non-overlapping generations. All females have the same fecundity R. There are
L unlinked loci at which there can be two alleles A and B. We assume that the probability that an individual reaches sexual
maturity is multiplied by a factor z, 1, or y for each locus which is respectively AA, AB, or BB. A alleles mutate into B alleles,
and vice-versa, at a rate y per generation.

Each female mates with a fixed number of males, and produces a brood of offspring; the phenotype determining the number
m of mates is inherited by all female offspring. We assume there are alternating generations of inbreeding and outbreeding.
At even generations, females choose their mates at random from the population as a whole; at odd generations, females may
only mate with (randomly chosen) males from the same brood.

We assume that fecundity is high, so that broods contain large numbers of individuals. We assume, however, that the
population size is kept constant by a limiting process which occurs just before the outbreeding generation. The case of a large
population can therefore be simplified by considering only the average numbers of individuals of each genotype.

1.2 Recurrence relation for single locus case

We shall begin by analysing the single-locus case in detail, postponing until later a discussion of how to extend to general
L. In this section we derive the equations for the general case, where all three genotypes can have different fitness, and later
specialise to the two cases of interest.

Consider a particular mating unit consisting of a single mother and one or more fathers. Let a, be the probability that
a maternal gamete contains an A allele, and by, = 1 — ap, be the probability that it contains a B allele. The corresponding
probabilities for the paternal gamete are apy and byae = 1 — ap. The numbers waa, wap, and wpp of offspring! of, respectively,
genotype AA, AB, and BB are then

WAA = xRamatapat (1)
WAB = R(amat bpal + bmatapat) (2)
WBB = bematbpat . 3

Equations (1-3) can be applied at any generation, but the gamete frequencies a and b will depend on the mating units, which
differ at odd and even generations.

Even generations: At even generations, the female takes m randomly chosen mates from the whole population. We denote
the even generation mating unit by u = (jo, j1, ko, k1), where jo and j; denote the number of mothers in the mating unit of
genotype AA or AB, and k( and k; denote the number of fathers of genotype AA or AB (the number of mothers and fathers
of genotype BB being therefore jo = 1 — jo — j1 and ko = m — kg — k1).

Using Mendelian genetics, and taking mutation into account, the probability a maternal gamete contains an A allele is

0. N N
ai (o, j1) = (1—M)(Jo+§)+ﬂ(1—30— 5)7 @
where the superscript (°) denotes the fact that it is donated by a parent from the ‘0’th generation. Now consider the paternal
gamete. In the absence of mutation, the probabilty that it contains an A allele would be = + Z:1. Taking mutation into

1“Omega’ stands for ‘Offspring’.



Symbol

meaning

AB Different alleles
T Fitness of AA homozygote relative to heterozygote
Y Fitness of BB homozygote relative to heterozygote
o Mutation rate (both A to B, and B to A)
R Fecundity (same for all females)
L Number of loci

amal(: 1—- bmat)

Frequency of A allele in maternal gametes

apat(: 1-— bpat)

Frequency of B allele in paternal gametes

WAA, WAB, WBB

Number of offspring of genotype AA, AB, BB

m Polyandry phenotype (number of mates)
u = (Jo, 71, ko, k1) Combination of genotypes in mating unit
705715 J2 Number of females of genotype AA, AB, BB in mating unit
ko, k1, ko Number of males of genotype AA, AB, BB in mating unit

KORENEY

Superscripts denoting generations 0, 1, and 2

Yaa(u), vaB(w), v8B(1)

Number of grandoffspring of genotype AA, AB, BB from mating unit «

TLAA, UAB, TUBB

Number of individuals of genotype AA, AB, BB just before population limitation event

A g i

Number of individuals of genotype AA, AB, AB at generation i(€ {0, 1,2})

N

Total population size at even generations

v (u)

Number of mating units of type u at generation O

*

Superscript denoting ‘mutant’

%, %, p5)

Relative proportion of individuals of genotype AA, AB, BB at generation .

Ws(AA), Ws(AB), Ws(BB)

Fitness of AA, AB, BB genotype on mating with a genetically identical individual

Wo Fitness on outbreeding
F(jo, j1, ko, k1) Generic function that depends on the mating unit
q Frequency of A allele among gametes forming generation 1
P Frequency of A allele at generation 1
r Invasion rate (relative increase of mutant populatin per single generation)
) Inbreeding depression
K Fitness cost per mate
Iaa, laB, BB Number of an individual’s loci which have genotype AA, AB,BB

Table 1: Mathematical symbols used in Section 1




account, we therefore have

my
— l—-——-— 5

Py p(1 - 0 2 )
Let wj (1), wag(u), wig(u) denote the number of offspring of genotype AA, AB, BB from this mating unit. These can be
obtained by substituting the parental gamete allele frequencies into the general equations (1-3), i.e.

0 mo
agal (mo,m1) = (1= p)(— +

wha(u) = @Raf(jo. j1)agel (mo, my) ©)
1 _ ) \3(0) (0) (0)

wap(u) = R(amat(JOajl)bpat (mo, my) ermat(gmal)apat (mo,m1)) (7

wig(u) = yRbSA(jo, 1) (Mo, m1). ®)

0dd generations: At odd generations, females mate randomly with males from the same brood. Assuming even numbers

1 1 17,
of males and females, there will be a total of wAA(unAg(u)erBB(u)

probability that a parental gamete is an A allele will be

females in a brood whose parental mating unit is u. The

wyp(w)
Al gl = wip (1) + Ag (1—p)
e wia(w) + wip () + wip (u)

wap(w)
chol) + By o
WiA(“) + W}\B(U) + WéB (u)

We denote the number of grandchildren of different genotypes from an even generation mating unit u by> yaa, YaB» V8B-
These can then be obtained by substituting the gamete allele frequencies in Eqn. (9) into the general recurrence relations (1-3)
and multiplying by the total number of females at the odd generation:

RW}AA(U) + wpp(u) + wgp(u)

’YAA(U) = Z 2 amat(u)a;at(u) (10
1 1 1

() = RN TR (1 L ) 4 Bl () () an
1 1 1

wmn() = yRAA A W) 0 )0 ) (12)

The population undergoes a limitation event just before the next outbreeding event. Let 7144, 2aB, and ngp be the total numbers
of different genotypes just before the event, which are obtained by summing the contributions from all over the contributions
from the contributions from all mating units. If the number of mating units of type u at the zeroth generation is (?) (u), then
we have

TAA Yaa(u)
’FlAB = ZV(O)(U) 'YAB(U) . (]3)
NBB u B (1)

The population limitation event reduces the population size to /N with the same mortality rate for all individuals, so the actual
numbers at generation ‘2’ will then be

% N

n = = = - TAB (14)
/("gB) naA +NaB +NaB | 5

NgR BB

1.2.1 Monomorphic population

We first consider the case where all females in the population have the same polyandry phenotype m. Let the numbers of
individuals of different genotypes at the zeroth generation be nl(&), n&OB) , and ngg, with n/(& + nf&) + ngg = N. Since there

is random mating at this generation, the number mating units of type v = (jo, j1, ko, k1) is multinomially distributed:

. ) ) ko k1 k2
ooty — R ()" ()" (nsy L
v (Jo, Jus ko k1) = Kolkyko! 2N N N N )

The genotype frequencies at even generations are obtained by calculating »(?) from Equation (15) at one generation, then
substituting these values into Eqn (13), where the yaa, vaB, Vs are calculated from equations (4—12). The population at the
next generation is then obtained from equation (14). After repeated iterations, the system approaches an equilibrium.

2Gamma stands for Grandchildren



1.2.2 Invasion by a mutant

We now consider a rare mutant with polyandry phenotype m™ in a wild type population with polyandry phenotype m. The
mutant sub-population will have different genotype abundances n} ,, nig, ngg from the wild type. However, provided the
mutant remains rare, the mutant will give a negligible contribution to the total population, so the wild type population naa,
nap, Mg can be calculated by the same procedure as in Section 1.2.1, independently of n},, nag, ngg. However, the wild
type population has a very strong influence on the mutant: at even generations, the random mates chosen by mutant females
will overwhelmingly be from the wild type population, so the number of mutant mating units of type u = (jo, J1, ko, k1) will

be
0)%3 jo (1 (041 71 1 (0)%y 5 DA RO NN O N
T B e g C s CA N E A ] -
Y kolkq k! 2N N N N '
The abundance of the mutant population just before the next generation will be given by
OW Yaa(w)
i | =D v | vis(w) | (17)
B u Vs (1)
(where the v are calculated from Equations (4—12) using m — m™). The population limitation event reduces the (overwhelm-
ingly wild type) total population to NV, so the mortality rate is m (the denominator being the total wild type

population size before the limitation event). The mutant population at the next generation is therefore

(2)* ~

. N o

AR = — = = LN . (1 8)
(@) NAA T NAB 1+ 1AB P

"pp BB

Note that, since jo+ j1+j2 = 1, v(9* is linear in (n/(&*, ng*, ngg*), and Equations (16—18) produce a linear relationship

between the abundances at the zeroth and second generations. The rate at which the mutant invades is given by the dominant
eigenvalue associated with this linear relationship.

1.2.3 Inbreeding depression at odd generations

Because of the alternation between in- and outbreeding, the genotype abundances at odd generations will be different from
those at even generations, even in equilibrium. We are interested in the inbreeding depression measured at odd generations,
because this is the point at which polyandry at even generations influences the level of inbreeding.

Let (p\, p\, ply) = m (nS), n{Y niy) be the fraction of individuals which of genotypes AA, AB, BB. If
an individual breeds with one that is genetically identical, the number of offspring will be Ws(G) for genotype G, where
Ws(AA) = R[z(1— p)* +2u(1 — p) + yp’] (19)
Ws(AB) = R%M (20)
Ws(BB) = Rlzp® +2p(1 — p) +y(1 — p)?). 1)

The average fitness on selfing will then be
E(Ws) = Ws(aa)pid + Ws(ab)pig + Ws (68)pgy (22)

Meanwhile, the average mean fitness on outbreeding will be Wq, where

(1) p(AlB) (1)72
Aab ]

E(Wo) z[(1 — p)pas + 5 T HPpy

(1) (1)
1 p 1 1 p 1
+2[p (1 — ) + % + up ) [up S + 733 +(1— p)pgy)

)
p
Fylupl) + 228 4 (1 — p)piy]?

2
(1) p(l) (1)12 (1) p(l) (1)12
= 1= =2)[(1 = wpaa + =7 + pppp]” — (1= y)[upan + =57 + (1= 1)pgs] (23)
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Table 2: Expansion for small 4 of various quantities, for different even generation mating units v = (jo, j1, ko, k1). Truncated
to order p for u = (0, 0,0,0), and order 1 for other mating units.

1.3 Recessive, deleterious trait

We first consider the recessive case 0 < x < 1, y = 1. Selection will tend to purge the deleterious allele, and if the mutation
rate p is numerically small then the abundance of A will also be small. We can therefore develop a perturbation expansion
to determine the properties of the system in the limit where y is small. We first derive results for the single-locus case, then
explain how to extend these to general L.

1.3.1 Rare allele expansion

The rarity of the deleterious allele can be exploited in Equations such as (15) and (16), which represent an average over even
generation mating units u: the rarity of the deleterious allele determines which u’s contribute to which order in u, and hence

which mating units need to be considered for a given order in perturbation theory. Let us defing genotype frequencies for

the wild type Y, pf&), p,gB)) = L(nQ. 1Sy, nyy), and for the mutant (p\3", Py, Py ") = oy (Wiks 15, 153, where

NO* = px 20+ ni% + ngY is the population size of the mutant population at the zeroth generation. Using (16), the average
of any function F' ( ) over mutant mating units at the zeroth generation is

! (0)%35jo (,)(0)* 51 () (0)*) 5 k k k
0% 4 _ m! (paa ) (s ) (e ) (VO [\ (@) s
ZV jO>]17k01k1) 4 Z ooy Vig! 9 (pAA) (pAB) (pBB) F(]Oa]hkmkl)
Jo,ji,ko,k1
NO* o™ (o™ PR (o)™
= P (b)) F0.0,0,0)+ A (pR) F(1,0,0,0) +
(0)= m* (0)=
+228 (5 F<0,1,070>++”BTBm*p<O’ ()" FO.0.1.00+
Pha . ) (@)
+ P pl (pBB) F(0,0,0,1) + .. }
B N(O)= {F(0,0,0,0) 4O [F(1,0,0,0) — F(0,0,0,0)] n
2 2 Paa 2
«£(0,1,0,0) — F(0,0,0,0 . F(0,0,1,0) — F(0,0,0,0
+p§)§[( )2 ( )]erp/(&[( )2 ( I
F(0,0,0,1) — F(0,0,0,0
@ )2 ( ) +..] (24)
where the terms denoted by °..." are all of second or higher order in pg /2 and Pl(as) The average over mating units can in the

wild type population be obtained by substituting m* = m, (p/& /2 , pg )= (p/& /2, (0)) N©* = N in Eqn. (24).

If one of the parents in an even generation mating unit possesses an A allele, then the allele will be prevalent among the
offspring and grandoffspring of the mating unit, so we cannot assume that it is rare when applying Eqns. (4—12). We can, how-
ever, expand the dependence of these quantities in x. From Equation (24), we can see that the leading order is obtained by ex-
panding to first order in © when v = (0, 0,0, 0) and to zeroth order when v € {(1, 0,0, 0), (0, 1,0,0), (0,0, 1,0), (0,0,0,1)}.
The results of this expansion are given in Table 2.



1.3.2 Monomorphic population

Using the expressions for (yaa,yaB,yss) in Table 2, and the expansion (24) of Eqn. (15), we find that the genotype abun-
dances of a wild type population with polyandry m just before the limitation event are

= N R?(m+1) eNR?(m+1)
Tian 0 0 o [ oodom o [ oogm
ise | = 0 |+ 1 | NRu4pQ| MEGmob |4 p0 | NEEmo) )4 (25)
NBB NR? -1 NR2(1-7m) NR*(1-15m)
4 16m 64m

Summing the rows in Eqn. (25), the total population size just before the limitation event is

N . - NR? m+1)(1—=x
NAA + TAB + TiBB = 1- M(‘@E& —|—p(A(;3)) +... (26)
16m
Combining Eqns. (14), (25) and (26), the population at generation 2 is
5 A N of
"/(us) =N| 0 | + 4 Np+ Npaa 732”7;1 + Npag 77’;;1 . 27)
(2) 1 —4 2—6m—az(m-+1) 2—14m—xz(m+1)
G5 am 16m

At equilibrium, the genotype frequencies will be the same at all generations, i.e. we would have nf& =N p/(f/z, ”1(\23) =N pgoB).

Substituting these values into Eqn. (27) yields

0 x(m x(m 0
) - () (R) ()
PAB m Tsmo PAB p

P e
= ) = 8lam—a(m+1)] | H- (28)
PaB (m+1)(1—x)

Eqn. (28) gives the genotype frequency at even generations in equilibrium. The genotype frequencies at odd generations
will also reach an equilibrium, but will differ from Eqn. (28). However, the total population at odd generations, summed
over all broods, is just the result of random mating between all the individuals at the even generation. The total genotype
abundances at odd generations are therefore

RN
(niis nisg s mig) = 5 (2a”. 29(1 — ). (1 - 0)?), 29)

© (0)
where g = (p/(& + I%%)(l —p)+(1— p/(& - pA7B) i is the A allele frequency among the gametes forming this generation. The
)

2 L "AB
allele frequency among the odd generation is then p = ﬁ so by applying Eqns (28) and (29) we get, to leading
"AAT"ABT BB
order,
vq* +q(1 —q)
1—¢*(1—x)
17Tm+1-3z(m+1)
= +.... 30
(m+1)(1—x) K 30)

In the derivation of Eqn. (28) we have assumed that p/(\OA) and pf&) are numerically small. Equations (4-12) can be solved

numerically for any parameter values, and numerical results are compared with the small x4 resault (28) in Fig. 1. The values
of u are the same as those used in the simulations in the paper. We see that the approximation is very good for the smaller
values of 1 and z, but breaks down for larger 1 when (1 — ) is small. This is because of the factor ﬁ on the right hand side

of (28), which causes n/(&) to be of order 1 when 8y ~ (1 — ).

1.3.3 Invasion of polyandrous mutant

The dynamics of a rare mutant with a different polyandry phenotype m* in the small-y limit can be obtained by applying
the expansion (24) to Eqn. (17), using the expressions for yaa, Yas, s from Table 2 with m — m* [taking out a factor of
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Figure 1: Comparison of the low-mutation rate approximation with with numerical results for finite y, for the monandrous

case m = 1. The y-axis shows the measured value of p(AOB) divided by the theoretical value from Equation (28).
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Combining Eqns. (26) and (28), we see that, for the wild type population constant population N, the mortality rate at the

population limitation event is Y +ﬁj,ZB e R2(1472u)' Substituting (31) into Eqn. (18), the mutant genotype abundances
after the population limitation event are
vy 0 ! i
1 2) % 0)x* 411 0)=* ]36
v | i | o= {o ) e (L ) (T )+
% 1)\ i
4m* 161m*
RV = IR A (R R (32)
1—4m™ 1—8m*
4m* 16m*

To find the invasion rate of the mutant, we consider the quasistationary state where the mutant population increases by a
constant amount per double generation. If we define 7 as the invasion rate per single generation, then in this quasistationary

state we would have W(nfﬁ*, n* n") = (]1\:(;)2 (' n Q) =~ (1+ 2 (", 0", pia*), where we have

assumed that r is small (which will be the case if the deleterious allele is rate). Substituting this into eqn (32) gives

0)x* . x
pg*o’2 X ) o« 1 O
(14 2r) pExB)* = 0 )+ 4 B+ DA 2, + Das B +
0)x* 0)x* _ _9 _
L= pid — Phn ! ? 1 g
4’:7,* 16?77,*
0 m*— 0 m*—
oV B RO I (33)
1—4m* 1—8m*
4m* 16m*



The first two rows of equation (33) give, to lowest order,

(0)* z_,(0) (0)
) (78 )+ (s, )
B ION:! 72nm: Pana + glm: Pap + 4/-‘

/N
’B/\h@/\
%523

* *
~
Il
7N
(SIS

(0)= 5 z z _(0) z (0)
=0 ) = wem (10 ) (e LT
Pas 10-3z\ 3 1—-7 i Daa T MDA +4p
x x 0 T 0
St = e (b a(§ B ) (T L
4 16 10 - 3 ¢ \3 1-7% 2L pion + ALy )+ Ay
16 Tx + (18 —4x)(2m* — 1) ) To+ (18 —4x)(4m* —1) )  9—2x
= 34
10 — 3z < 64m” Paa 256m* Pap T 1 )34
Using the linear combination of pgfz*and pg* in Eqn. (34), the third row of Eqn. (33) gives, to lowest order,
1 (o)« 9 (o)« 1—4m* (o 1-8m* (g
2= =2t gl TP P+ oA
16 —2x (m*+2)(x—1) © (M*+1)(x—1) (o
T 10-32" T (10— 3x)mr PAAT Tomr(10 — 3z) AP
B 16(m* —m)
(10 - 32)m*(m+1)
8(m* —
=r = m” —m) (35)

(10 — 3z)m*(m + 1)’
where we have used Eqn. (28) to substitute for p/(&, pl(fB).
Since r has the same sign as (m* —m), higher degrees of polyandry are always favoured in the absence of costs to mating.
If there is a cost & to each mating event, then the mutant population will grow at arate (1 +7)(1— k)™ ~™ ~ r— (m* —m)k
relative to the wild type.

1.3.4 Inbreeding depression

Using Equations (19-23) and (29) for the monandrous case m = 1, the average fitness on selfing is

Tz+3
EWs) = =——20+1-20+0(?)
3(3 —
= 1 BT o (36)
and the fitness on outbreeding is
E(Wo) =1+ 0(u?). (37)
Therefore, the inbreeding depression is
3(3 —
s=1- 20 oy (38)

1.3.5 Generalisation to L # 1

The case of general L and m is difficult to analyse, as the loci are not necessarily statistically independent. However, we
show in Section 2.2.1 that the loci are indeed independent in the monandrous case m = 1, and that they are approximately
independent in the case when the deleterious alleles are rare.

Independence of loci implies that, if the fraction of individuals of different genotypes for the one-locus case are paa, PAB, PBB>
then for the L-locus case the probability that an individual has Isa, [aB, [gg loci of genotype AA, AB, and BB is multinomial:

L
Pr(laa las, lps) = IaalaB!lpp!

Consider a quantity F' whose value for the L-locus case is the product of single-locus values for the genotype at each locus. If
F(AA), F(AB),F(BB) are the single-locus values for genotypes AA, AB, BB, then the average value for the L-locus case
is

(pan)'AA (pap)'AB (pgp ) 'BB.

ZlAAHABHBB:L Pr(lan; la, Is ) (F(AA))'an (F(AB))'AB(F(BB))'sB (39
= [F(AA)paa + F(AB)pag + F(BB)pgs|*,



i.e. the average for the single-locus case raised to the L’th power.

Monandrous wild type equilibrium. The independence of the loci imply that the allele frequency at odd generations is still
p from equation (29), and Eqn. (3) from the paper obtains for the case m = 1.

Invasion by a biandrous mutant. Since fitness is a product of factors over loci, the growth rate for the population is the
L’th power of the growth rate in the single-locus case. If 1 + r; is the relative rate of growth of the mutant growth rate for
the single-locus case, the relative growth rate will be (1 + ;)% ~ 1 + r; L. The invasion rate » = r; L in Eqnation (4) of the
paper obtains by multiplying Eqn. (35) in this appendix by L for the case m* = 2, m = 1.

Inbreeding depression. The fitness on selfing and outcrossing are the L-th powers of the single-locus values, so using
Eqgns. (36) and (37) the inbreeding depression is

= 2L oy (40)

which is Eqn. (4) of the paper.

1.4 Overdominant trait

‘We now consider the case of symmetric overdominance, z = y, 0 < x < 1. By symmetry, both alleles have average frequency
% over the whole population, so we cannot exploit the rarity of some genotypes to develop a perturbation analysis. Since
polymorphism is maintained even in the absence of mutation, and the genotype frequencies are insensitive to the mutation
rate, we shall in this section assume that ; = 0. Though we present in this section results for symmetric overdominance,
polymorphism is also maintained in this model in the asymmetric case = # y (see section 3.2).

An analytical solution of Equations (4—18) is possible, but since it requires the solution of a cubic equation we shall simply
present the results of numerical iterations of these equations.

1.4.1 Equilibrium monomprphic population

The genotype abundances at equilibrium can be readily obtained by iterating Equations (4—15). The heterozygosity at even
(0)

. n . . . . .
generations, ]@B , is shown in Figure 2. For purposes of comparison, we have also included the result for the case where there

is random mating at all generations, which can straightforwardly be obtained®. We see that the heterozygosity increases as the
number of mates is increased, i.e. as the degree of inbreeding is reduced.

1.4.2 Invasion by a mutant

The rate of invasion by which a mutant with a different degree of polyandry m* from the wild type can be obtained by the
methods in section 1.2.2. These invasion rates are illustrated in Figure 3. We find that the growth rate is positive for m* > m,
and negative for m* < m. Therefore, in the absence of costs to mating, polyandry will invade, the optimal level of polyandry
being m = oo.

If, however, there is a cost x per mate, then the growth rate of the mutant relative to the wild type will be

14+ r(m*m)[l—&™ "™ ~ 14r(m*,m)—(m"—mk

= 1 *— —_— = = 41

e B @n

The mutant will therefore invade if (m* — m)[?ﬁnmizg — K] >0, ie. if
either a(nmizg > rand m* >m
or anm_zg < kand m* < m.

If there are values mj and mo for which m; < mo and Tfnfl_’zz) T;TZQ_’Z?, ie. [-r(my,m2)] < r(ma,my) , then both
conditions can be satisfied simultaneously, and a mixed strategy will evolve when Tr(n”fl_zz) <K< Tr(n”;r"_zi) . Figure 4 shows
the ratio % as a function of z for different values of m, and we do indeed find that this ratio is greater than 1. The

phase diagram is illustrated in figure 5, showing that there are regions where two strategies can coexist.

3The allele frequencies amat = apat = % at all generations, so using Eqns. (1-3) and then setting total population size=N we get m% = IJ%I
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mating is set appropriately.

0.1 m=1 E

5 /
£
g /
E 0.01 F / ]
O N ]
o- [ B
8 f/ - T
0.001
[ m=2 S _
[ m=3 _—
i m=4
_— ‘m=5
| - —  m=6
i — —  m=7__
///// //7——/—77 F[ﬂgzﬁ,f _
0.0001 . m=9
0 0.2 0.4 0.6

Fitness of homozygote, x

Figure 5: Phase diagram showing the ESS level of polyandry mfor a single overdominant locus, as a function of homozygote
fitness x and cost per mating ~. At each boundary, there is a thin region where mixed strategies are possible.

11



1.4.3 Inbreeding depression

While it is laborious to derive analytically the genotype frequencies at even generations, the total abundance of genotypes at
odd generations may be obtained straightforwardly. By symmetry, the allele frequency is always %, so from Eqns. (1-3) the

genotype frequencies at the odd generations are (pﬁfg, png), p](;B)) = m(x, 2, ). Using Eqns. (22) and (23), the fitness of
in- and outbreeding individuals at odd generations are
E(Ws) R (22° + x +1) (42)
= €T x
s 2(1 + =)
R(z+1
EWo) = % (43)

Since the loci are independent when the females are monogamous, we can calculate the ratio of inbreeding to outbreeding
fitness for general L using Eqn. (39), and hence the inbreeding depression for general L is

2u2 1\

which is Equation (6) in the manuscript.

2 Are the loci independent?

Inbreeding can cause nonrandom associations between genotypes at different loci, even in the absence of linkage or selection
(Bennet J.H. & Binet F.E., Heredity 10 51-56 (1956)). This makes it difficult to generalise results for a single-locus model to
the multilocus case. In this section we shall discuss the conditions under which the loci will have independent dynamics in
our model.

We shall adopt a slightly different notation from the previous section, in order to make this discussion as general as
possible. Let us assume that there are L unlinked loci, with the genotype being expressed as an L-tuple G = {g;} of the
genotypes g; at each locus ¢. Let us assume that each locus has a multiplicative effect, i.e. the number of offspring of genotype
G = {g.i} arising from a mother of genotype G, = {gm:} mated with a father of genotype G, = {gp;} can be expressed
in the form Q(G,,, Gp, G.) = [, wi(gmi, 9pi» gei) » Where w; represents the relative contribution from each locus. We make
no assumptions here about the number of alleles at the locus, the expression type of trait (recessive, overdominant,...) or the
presence of mutation. The fitness of the mating unit is

(G, Gp) = Y UG, G, Go)

Ge

Z H wi(Gmi, Gpi» Gei)

Ge i

lz wl(gmlvgplng1)‘| [Z w2(gm279p279c2)] [Z WL(gvagvach)

ge1 9e2 geL

H ®i(gmi»> Gpi)»

where &;(gmis gpi) = D gor Wi (gmi» 9pis 9ei) 1s the contribution to the fitness from locus 4. The final equality holds because
the sum over all genotypes can be factorised into independent sums over each locus.

2.1 Monandrous female

Consider a female of genotype G, that outbreeds with a single male of genotype G,, where all of her offspring breed with
members of the same brood. The number of matings in the brood between offspring of genotype G., = {¢c,i}.Ge, = {gesi}

will be 2Q(Gom, Gy, Gy ) irss)

GGy S0 the number of grandoffspring of genotype Gy = {g4:} is

QGm, Gp, Ge,)

1
F(vaGvag) = Z §Q(G517GCQVGQ)Q(G"”GZ”GCI) (G, Gy)
my I p

GCl 7G02



Wi (gmi7 9pis 9021')
oY (gmi , gpi)

N =

Z H wi(gclia Geoiy ggi)wi(gmiv 9pis gcﬂ)
c1,G

> K3

1
= §HFYi(gmiagpiaggi)7
i
where
Wi (gmi7 9pis chi)

Vi(Gmi» Gpi> 9gi) = Z Wi(eyir Geais Igi)wi (Imis Gpis Geri) i (Gmis It
1\Ymiy Ipi

GeqisGegi
If there are N,(G,) individuals of genotype G, = {g,;} at the initial outbreeding generation, then the number of matings
between genotype G, and G, is
1 No(Gim)No(Gp)
2 N, oT '
where N, is the total number of individuals in the population at this generation. The total number of individuals of genotype
G, at the grandchild generation will then be

M (G, Gp) =

Ng(Gy) = Z (G, Gp, Gg) M (G, Gp).

Gm,Gyp

If we assume that N,(G,) = Nor [, Poi(g0i), which states that the loci are independent (i.e. in identity equilibrum) at the
outbreeding generation, then

1

Ny(Gg) = T Z H’Yz’(gmivgpivggi)poi(gmi)poi(gpi)
Gm,Gp i
1
= ZNOTHpgi(ggi)v

where pg;(ggi) = > Imirgpi Vi (Gmi» Gpis 9gi)Poi(Gmi )Poi (gpi)- That is, if the loci are independent at the initial generation, they
will remain independent at all subsequent generations.

2.2 Biandrous female

Consider now an outbreeding female of genotype G, that mates with two males, respectively of genotype G,, = {gp,i}.

s = {9p,i}- Weuse Qp (G, Gp, , Gp,, G.) to denote the number of offspring of genotype G in her brood. Assuming
the female divides her eggs equally among the offspring of either male, {25 will contain contributions from both males in the
form

1 1
QB(GWU Gp1 I G;DQ ) GC) = EQ(GW,’ G;D1 ) GC) + iﬂ(GWm sza GC)a

and her fitness will be ] 1
5 (Gm, Gy, Gpy) = 5@(GmaGm) + iq)(vaGm)’

In contrast to the monandrous case, neither {2 nor ¢ g factorises into a product of single-locus factors. As we shall see, this
leads to the loci no longer being independent.

When the offspring interbreed with other members of the brood, each female will again take two mates. The number of
matings between a mother of genotype G, and father G, will be

QB (Grm G;D1 ) GP27 GC2)
(I)B (Gm.a Gpl ) GPZ)

QB(GWH G;D1 ) sz, GC1)

Each mating combination is represented twice as many times as if the females were monandrous at this generation, but the
females devote only half of their eggs to each mate. The number of grandoffspring of genotype G, will be

1 QB(GmaG aG 7GC>
FB(G’H’L7G 1,G zaG ) = *Q(chGczaG )QB(GM’G 1’G Z’Gcl) Y Yo -
p1s Gp2s Gy Gq;; ) 9 g P =p 5 (Gm, Gp,, Gp,)
_ Z 1 G017G627G ) X
GG, 8 BB G, )
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[Q(va Gpl ) GCl) + Q(va sz ’ GCI )] [Q(va Gpl ) GCQ) + Q(va sz ) Gcz)]
1
8®B(Gm7 Gpl ) G;Dz) .

T ¢i(9mis 9pris 9p13) + T € (9mis Gpris Gpai) + [ € (9mis Gpais Gprs) + [ [ €3 (9mis Gpai 9pai)]
% i A %

where

Vi(Gmis Ipais Ipyi) = Z Wi(Gmis Gpyis Geri)Wi(Gmis Gpyis Geai)
ey :9es

If we assume that the loci are independent at the initial outbreeding generation, so that the number of mating units with geno-

. No(Gpy )No(Gp
type G, Gp,, Gp, is %No(Gm)% = 2 Nor [T, Poi(9mi)Poi(9pyi)Poi(gp,i). then the total number of grandoft-
spring of genotype G4 will be
1
Nq (Gq) = Z I'p (Gm7 Gp1 s sz , Gq) X §NOT Hpoi (gmi)poi (gpli)poi (gpzi)
Gm,Gpy,Gpy 4

- ¥ e
GGy Gy 16®p (Gma Gm ) sz)

[H Vi(mis Gpris Ipai) + H%‘(gmi, Ipris Ipai) T H Vi(Gmis Ipais Ipri) + H'l/)i(gmi,gpzia Ipsi)]

X H Poi (gmi )poi (gpli)poi (gl)zl)
_ Z Nor Hz DPoi (gmi)pml (gpli)poi (gpzi) [Hz d)z (gmia 9p159p1 ) + Hz 1/)1 (gmiv 9p1 5 9p2 )]
GGGy 4 [Hz (bz (gmia gpli) + Hz (bz (gm’i’ gpz’i)] ’

(45)

where in the last line we have used symmetry to note that ;(gmi, 9p.is Ipyi) = Vi(Gmis Gppis Gpai) A L (G, Gp,, Gp,) =
q)B(Gm? GPQ’ Gpl )

The result on the right hand side of (45) cannot be written as the product of single-locus terms. One reason for this
is the denominator, which is the sum of two products which represent the total number offspring a female has by either
father. However, even if these numbers are the same the numerator contains a sum of two terms, respectively representing the
offspring full-sib and half-sib matings. The population is temporarily separated into two sub-populations, which have different
levels of inbreeding and therefore have different levels of heterozygosity. Even if each the loci in each sub-population were
statistically independent, the sum of these two populations will not be. The loci are therefore not, in general, independent
when the females are biandrous.

2.2.1 Deleterious recessive trait

The terms in the denominator of Eqn. (45) represent the total number of offspring of the female by different fathers. There
are certainly genotype combinations for which these numbers are not equal. However, if the abundance of the deleterious
allele is g, then these differ by an amount that is typically of order Lq?z. Therefore, if ¢ = O(p), to order y we will have
IL; #i(9mi> gpii) = 11; #i(9mi, Gpoi)] for the mating units that contribute to the dynamics to leading order. Meanwhile, since
we are only interested in the terms in (45) to linear order in p, the terms which interest us will simply be additive. Therefore,
we can assume the loci are independent to first order in .

2.2.2 Overdominant trait

For the overdominant case, we can no longer assume that all relevant broods have the same size. Figure 6 shows the departures
from independence in a biandrous population with two unlinked, symmetrically overdominant loci. We find that there is an
overrepresentation of doubly-homozygous individuals, and also of doubly-heterozygous individuals. Note that the effect
persists in the neutral limit z — 1, which shows that the effect is due to the combination of two sub populations with different
levels of inbreeding, rather than the differing brood sizes of different mating units. However, the effect is very weak, being no
more that about 1%, so we expect that extensions of one-locus results to the multi-locus case by assuming independent loci
will be a good approximation. This is indeed borne out by the simultaion results in the paper.
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Figure 6: Identity disequilibrium for two symmetrically overdominant loci. The y-axis shows the ratio PPT(Gl’Gz) the nu-

r(G1)Pr(Gz)’
merator being the joint probability Pr(G1, G2) of having genotype G at locus 1 and genotype G at locus 2. the demoninator
being the product of the marginal probabilities Pr(G1) and Pr(G3) of having each genotype at these loci. If the loci were

statistically independent, then this ration would always equal unity.



3 Fixation of alleles in finite populations

Genetic drift in finite populations can cause alleles to go to fixation, i.e. all individuals have the same homozygous genotype,
even when this genotype has lower fitness than others. This is one of the ways in which finite populations behave differently
from infinite populations, and the effect is stronger when alleles are only mildly deleterious, and when populations are smaller.
In this section, we shall quantify the effect of fixation on the equilibrium behaviour of our model. We shall consider the case
of a single locus and monandrous females. In finite populations the loci are no longer guaranteed to be statistical independent,
so the behaviour of the many-locus case cannot necessarily be straightforwardly extrapolated.

3.1 Deleterious recessive trait

Here, we consider the case where the fitness of AA, AB, and BB genotypes is x, 1, and 1 respectively. If mutations are rare,
when a deleterious allele is generated it will typically either go to extinction (most likely) or to fixation in a short space of
time. The population will therefore spend most of its time either as all AA or all BB homozygotes, with short transition
periods between these states. We can therefore treat it as a two-state Markov process.

Let fp(x) be the probability that, starting with a single B allele in an otherwise AA population, the population drifts to
become saturated BB homozygotes, and f4(x) be the the probability that, starting with a single A allele in an otherwise BB
population, the population drifts to become saturated AA homozygotes. If uN is the probability at which mutations arise, the

transition rates between the states are
AA — AAatrate uN(1-— fg)

AA — BB atrate uN fp
BB — AA atrate uN fa
BB — BBatrate uN(1— fa).

The fixation probability is the fraction of time that the locus is heterozygous AA, i.e.

fa(z)

b= S+ o)

(46)
Note that Pjy is independent of p, provided p is small.

The probability f4 can be measured from simulations by starting with a single A allele in a wiltype BB population, and
recording the fraction of realisations where all individuals become AA before they all become BB. fp can be measured in a
similar fashion. Figure 7 shows the resulting fixation probability Pj4 inferred via equation (46). The fixation probability is
found to decay exponentially with large N; the curves are fits of the form a exp(—bN )to the large-N tail. The figure shows
that we expect no significant degree of fixation for z < 0.9 unless the population size is very small, but when N = 50 and
x = 0.99 we expect the deleterious allele to be fixed at as many as ~ 20% of the loci.

3.2 Asymmetric, overdominant trait

A finite population will always go to fixation in the absence of mutation, but this can take a very long time if both homozygotes
have the same fitness x. Figure 8 shows the time to fixation Tfxaon(in double generations) for a population with a single,
symmetrically overdominant locus. The lines are fits of the form log T = aN +b, with a = 0.0414+£0.0008, 0.0154+0.0002,
0.0078 & 0.0001 for = = 0.95, 0.98, 0.99 respectively, suggesting a = ¢(1 — x), with ¢ = 0.80 £ 0.04 (standard errors). The
fits predict that the time to fixation for N = 1000 should be > 2.6 x 10® for 2 = 0.98 and > 10'° for x = 0.95.

The rate at which new mutations appear in the population is /N, but in most cases the mutant allele will go extinct before
it becomes prevalent. For the neutral case x = 1, the probability that a mutant allele will reach the equilibrium frequency %
before going extinct is approximately %; this probability will be greater when x # 1, because selection favours polymorphism.
Therefore, once an allele is fixed, the typical time before it becomes prevalent is approximately p~! or less. A given locus
will therefore remain polymorphic, and the infinite- N results for the population genetics applicable, provided Thixaton > 1~
For ;v = 107°-1075, we need Tjixation ~ 10° or 106.

However, the time to fixation is dramatically reduced when the AA and BB genotypes have different fitness. Indeed, in the
extremely asymmetric case it is possible for selection to remove the less fit allele even in an finite population. The red curve
in Figure 9 shows the locus of (z,y) points where the less fit allele is just driven to extinction, based on numerical iteration
of Eqns. (4-18); the region labelled ‘purging’ is where there is no polymorphic stable equilibrium. In finite populations,
stochastic fluctuations enlarge the region where one allele can become fixed. The black curves in Figure 9 shows the region of
parameter space where polymorphism is expected to be maintained for a population of 1000 individuals. The region labelled
‘polymorphic’ is where the time to extinction was more than 10 timesteps in more than 50% of realisations. We finds that
there is a region of values around x = y = 0.95 where polymorphism is expected to be maintained, but if the trait is extremely
asymmetric then one allele will probably go to fixation.
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Figure 9: Whether polymorphism persists, or whether one allele goes to fixation, for a population with a single overdominant
locus. Left: the region labeled ‘Purging’ is where selection removes one of the alleles even in an infinite population. The
region labelled ‘Polymorphic’ is where the time to fixation Tfxation 15 more often greater than 106 than less, the region labelled
‘Fixation’ is where Thxation is more often less than 106, for a population of size N = 1000. The black solid curves delineate the
confidence intervals of the curve where Pr(Tfxation > 106) = 0.5. Right: Same as on the left, but concentrating on y > 0.8.
Black and red curves as before, magenta curves represent confidence intervals of the curve Pr(Tfxaton > 105) =0.5.
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