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Abstract For a Wright—Fisher model with mutation whose population size fluctu-
ates stochastically from generation to generation, a heterozygosity effective population
size is defined by means of the equilibrium average heterozygosity of the population.
It is shown that this effective population size is equal to the harmonic mean of popula-
tion size if and only if the stochastic changes of population size are uncorrelated. The
effective population size is larger (resp. smaller) than the harmonic mean when the
stochastic changes of population size are positively (resp. negatively) autocorrelated.
These results and those obtained so far for other stochastic models with fluctuating
population size suggest that the property that effective population sizes are always
larger than the harmonic mean under the fluctuation of population size holds only for
continuous time models such as diffusion and coalescent models, whereas effective
population sizes can be equal to or smaller than the harmonic mean for discrete time
models.
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1 Introduction

A large amount of molecular data that estimate the genetic diversity of populations
such as the average heterozygosity have been accumulated using recent developments
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360 M. lizuka

in molecular techniques (see lizuka et al. 2002). The average heterozygosity can be
expressed as a simple function of population genetic parameters population size N
and mutation rate u under the neutrality assumption (Kimura 1968). This means that
it is possible to obtain information on these population genetic parameters from esti-
mates of average heterozygosity under the neutrality assumption. On the other hand,
the neutrality assumption can be examined by estimates of the average heterozygosity
when the values of these population genetic parameters are known. However, the size
of population is hardly constant and it may fluctuate from generation to generation. In
such cases, it is important to understand how the fluctuation of population size affects
the average heterozygosity. For this purpose, it is necessary to introduce an appropriate
effective population size N, and the properties of the effective population size must
be investigated. Then N, can be used for N in the average heterozygosity formula.
Since the harmonic mean of population size N, has played an important role when
the population size is not constant, the relationship between the effective population
size and the harmonic mean of population size must be clarified.

Consider a population whose population size fluctuates temporally from genera-
tion to generation and the fluctuation is stochastic. There are several definitions of
effective population size (see Ewens 1982). In a series of papers (Ilizuka 2001; lizuka
et al. 2002; Sano et al. 2004), the relation between effective population sizes and the
harmonic mean of fluctuating population size N, was described. Definition of these
effective population sizes and their properties are presented in Appendix 1. For a
Wright-Fisher model without mutation, lizuka (2001) defined an inbreeding effective
population size when its population size fluctuates stochastically. This effective pop-
ulation size is denoted by Ne(WFl) in this paper. It was shown that NLEWFU is equal to
the harmonic mean N}, if the stochastic changes of population size have no correlation
between distinct generations, though NE(WFI) is larger (resp. smaller) than N}, if the
stochastic changes of population size are positively (resp. negatively) autocorrelated
(Iizuka 2001). For a diffusion model with mutation, lizuka et al. (2002) defined an
effective population size by means of the equilibrium average heterozygosity (hetero-
zygosity effective population size) when its population size fluctuates stochastically.
This effective population size is denoted by Ne(D) in this paper. It was shown that
NLSD) is always larger than the harmonic mean N, (lizuka et al. 2002). For a coales-
cent model with fluctuating population size, Sano et al. (2004) defined a coalescent
effective population size by means of the mean coalescent time from k genes to k — 1
genes. In this paper, this effective population size is denoted by N@(C) (k). It was shown
again that Ne(c) (k) is always larger than the harmonic mean Nj, (Sano et al. 2004). See
Gillespie (2000) and Sjodin et al. (2005) for other definitions of coalescent effective
population size with stochastically fluctuating population size.

Is the property of effective population size being always larger than the harmonic
mean Nj, due to the definition of effective population size such as inbreeding effec-
tive population size, heterozygosity effective population size and coalescent effective
population size or is it due to the difference between discrete time models such as
Wright-Fisher models and continuous time models such as diffusion and coalescent
models (Y. Iwasa, personal communication)? In this paper, a heterozygosity effective

population size N(SWFZ) is defined by means of the equilibrium average heterozygosity

@ Springer



Effective population size 361

for a Wright-Fisher model with mutation when its population size fluctuates stochas-
tically. It will be shown that Ne(WFz) is equal to the harmonic mean Np, if and only if the
stochastic changes of population size have no correlation between distinct generations
and NéWFz) is larger (resp. smaller) than N}, if the stochastic changes of population size
are positively (resp. negatively) autocorrelated. This result together with the results
so far obtained suggests that the property of effective population size being always
larger than the harmonic mean N}, is that of continuous time models. It will be also
discussed how the four effective population sizes Ne(WFl), Ne(WFz) s NE(D) and Ng(c) k)
are related.

2 The model

Consider a haploid population whose population size in generation ¢ is N(¢). The
population size changes stochastically from generation to generation. The changes of
population size are not independent between distinct generations in general as the case
of stochastic fluctuation of selection intensity (see lizuka 1987; lizuka and Matsuda
1982 and the citation therein). In other words, stochastic changes of population size
may have autocorrelation. In this paper, the following two-valued Markov chain is
introduced as a model of autocorrelated stochastic changes of population size (see
lizuka 2001). It is assumed that {N (#)};=0,+1,+2,... is a stationary Markov chain on
{N1, N2} such that

(P(N(r +1) = Nl)) _ (1 - @ ) (P(N(r) = Nl)) n
PING+D=N) )~ @1 1-g) \PIN@®) =N )
and

P(N(0) = Ni) = p{™", @)

where 1 < Nj < Ny <00,0=<g¢g; <1,q1+¢>>0and

(st) (st) q2 q1
(py7spy )= (— —) 3)
b a+a g+

is the stationary distribution of the Markov chain. Here ¢; is the probability that
N(t + 1) # N(¢) conditional on N(¢) = N; (i = 1, 2). It is easy to obtain some
explicit formulas for this simple Markov chain. Indeed, lizuka (2001) showed that the
covariance of N(¢) and N(t + k) is

@1q2(1 —q1 — q)*
Np)?

C k)] = (N2 —
ov[N(), N(t + k)] = (N2 1 + q2)2

“

k > 0. By the formulas (1) and (4), we have the following classification of the change
of population size. The stochastic change of population size is positively (resp. nega-
tively) autocorrelated, thatis, Cov[N (¢), N (t+k)] > 0 (resp. Cov[N (¢), N(t+1)] <0)
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if0 < g1 +¢ < 1and gq1g2 > 0 (resp. 1 < g1 + g2 < 2). It is uncorrelated if
q1 + g2 = 1 and g1g2 > 0. The change of population size is deterministic and cyclic,
thatis, N(t) = N(t +2k) # Nt +1) = Nt +2k+ 1), k = £1,£2, ... if
q1 = q2 = 1. The population size is constant if g1g2 = 0.

Put

1
mi=1-- 5)
1

fori = 1,2 and denote by E[ ] the operation taking the expectation. By Lemma 2 of
lizuka (2001), it holds that

l 1 t—1 t—1
E[E[1-W”=Aa+ + Bal” (6)

if g1 # 0 or n; # na(1 — q2). Here o4 and o— (@4 > «_) are solutions of the
quadratic equation

o —{m(1—gq) +na(1 — gl +ninp(l — g1 —q2) =0 @)
and
d d
A= c1q2 + 62611’ B 192 + d2q1 )
q1 +q2 q1+q2
G — ni{ni(1 —g;) +njq; —Ol—}’ i = —ni{n;(1 —qi) +njq; —Ol+}’ ©)
ar — o oy — o

i,j=1,2( # j).Note that o4 and o_ arereal and oy > a— if ny # np(l —g). It
is assumed that n1 # na(1 — g2) in this paper. The harmonic mean of N (¢) is defined
by

L:E[ ! }zpi”)+19§“)= L (q_2+61_1) (10)
Np, N(1) N Ny qg1+q¢ \Ni N

Consider a neutral locus with K alleles Aq, A, ..., Ax. The genetic composition
of the population in generation ¢ is x(¢) = (x1(¢), x2(t), ..., xx—1(t)) where x; (¢) is
the gene frequency of A; in generation ¢. Mutation and random genetic drift cause the
change of x(z) in this order. Mutation rate per generation from A; to Ajis u/(K — 1)
(i # j). In generation ¢ random genetic drift occurs in a finite population of N (¢)
haploid individuals subject to the standard assumptions of the Wright—Fisher model
and it produces N (¢ + 1) individuals of generation ¢ 4+ 1. The explicit probability
law of random genetic drift when population size fluctuates stochastically is given in
Tizuka (2001) for the case of K = 2 and no mutation.

For models with stochastically fluctuating population size, see Araki and Tachida
(1997), Chia and Pollak (1974), Donnelly (1986), Heyde and Seneta (1975), Kaj and
Krone (2003), Karlin (1968), Klebaner (1988), Seneta (1974) and Tachida (2000).
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3 Results

Let

K
H@n=1-2 x()? (11)

i=1

be the heterozygosity of the population in generation ¢. In the same way as the proof
of Lemma 1 of lizuka (2001), it can be shown that the conditional expectation

G(1) =E[H®)|H(0), N(k), k <1] (12)

conditional on the values of H(0) and N (k), k < t satisfies

Git+1) = [1 ]{(1 —ug)’G(t) +u — ug)}, (13)

E
where we put ug = Ku/(K — 1). The solution of the recursion Eq. (13) is

t

_ Y _
G@t) = GO)(1 — ug) k]:[][l N(k)]

t o t 1
+u2 —ug) D (1 —ug)*" j)kl:[jll_m]' (14)

J=1

By (14), the stationarity of {N(#)};=0,+1,42,... and noting that E[G(¢)] = E[H ()]
which is a property of the conditional expectation, we have

t

1= vis |

E[H ()] = E[H(0)](1 — ug)*E [
k=1

t - t 1
+u@—ug) Y (1—ug)*"VE H[l_m] . (15)

j=1

Note that E[H (¢)] is the expectation of H (¢) with respect to random genetic drift and
the fluctuation of population size, whereas E[Hf{=1 {1 — 1/N(k)}] is the expectation
of H;<=1 {1 — 1/N(k)} with respect to the fluctuation of population size only. By (6),
we have

E[H (1)] = E[H(O)1(1 — ug)*{A[(1 —ug)at] ™" + B[(1 —ug)a_]""}
1= [ —ug)?as] 1= [ —ug)’a_]
1— (1 —ug)?ay 1 — (1 —ug)?a_

u@ —ug) [A ] (16)
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and the expectation of equilibrium average heterozygosity is

. A B
E[H (00)] = lim E[H (1)]=u2~u) [ e uK)zoz]

a7)

The key observation to obtain the relation between the harmonic mean Ny and an
effective population size defined by means of the equilibrium average heterozygosity
is the following expression for E[ H (c0)]. After tedious calculations, it can be shown
that the right-hand side of (17) is equal to

w2 —up)(l = 5 — (L —ug)*mna(l = g1 = g2))

I= (0 —up)Ml = g = [ = =1 —na+ (= ug)?mna]( = g1 = q2)}
(18)

Note that

(N —=Du@—ug)
B = T N ke —un) (19)

holds if the population size is constant (N (t) = N), where E[ H (00)] is the expectation
of H (0o) with respect to random genetic drift only. By this formula, a heterozygosity
effective population size Ne(WFZ) can be defined by means of the expectation of equi-
librium average heterozygosity as follows for the Wright—Fisher model with mutation
when population size fluctuates stochastically.

(N2~ Du@ — uk)

E[H = ,
el = + (N Dug 2 — uk)

(20)

where the left-hand side of (20) is given by (18). This definition of heterozygosity
effective population size is analogous to that of the heterozygosity effective popula-
tion size Ne(D) defined for a diffusion model with mutation when its population size
fluctuates stochastically (lizuka et al. 2002). The effective population size NéWFz) is
an increasing function of E[ H (00)] since

E[H (00)]
(WF2) __
N = G O —ukELH O]} @b

By (17), (18) and the definition of NE(WFZ), the following result can be proved.

Result 1 [f the successive population sizes are positively autocorrelated (0 < q1 +
q2» < land q1q2 # 0), then

NWVED 5 N (22)
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If the successive population sizes are uncorrelated (q1 + q2 = 1 and q1q2 # 0), then
NWED — N (23)

If the successive population sizes are negatively autocorrelated (1 < q1 + q2 < 2),
then

NWED Ny (24)

The proof of Result 1 is given in Appendix 2.
The dependence of Ne(WFz) on the jump probabilities is given as the next result for
the case of symmetric jump probabilities (¢ = g1 = ¢2).

Result 2 Assume that g = q1 = q2. Then the heterozygosity effective population size
NéWFZ) is a decreasing function of the jump probability q.

The proof of Result 2 is given in Appendix 2. This property corresponds to that for
the inbreeding effective population size Ne(WFl) for the Wright-Fisher model without
mutation when its population size fluctuates stochastically (put ¢ = 1 in Theorem 4
of Iizuka 2001). The proof of Result 2 in Appendix 2 implies that the expectation of
equilibrium average heterozygosity E[H (co)] is a decreasing function of the jump
probability g.

Finally, we consider how the four effective population sizes N, (WEL) , Ne (WE2) , Ne (D)
and N, © (k) are related (see Appendix 1 for definition and properties of N, (WFD , N (D)
and Ne(c) (k)). Assume that the population size fluctuates between two distinct states
Ny and N3 (N1 < N») for the four models. The jump rate from N; to N; is denoted
by y; (i, j = 1,2,i # j) for the diffusion and coalescent models (see (46) and (49)).
The jump probability from N; to N; is g; for the discrete time models (7, j = 1,2,
i # j). Note that the parameter N in (33) of Sano et al. (2004) is a scaling parameter
and we can put N = 1 in this formula without loss of generality. Let

NVED = Jim NWF2), (25)
u—0
and
NP = lim NP, (26)
u—

Then the following result holds.
Result 3 It holds that

~ Ny — N1)(Ny — Np)(1 — g1 —
Néwm):Nth( h (N2 N —q1 —q2) 27

NiN2 (g1 +q2) + Npy(1 —q1 — q2)

though

ﬁe(WFZ) ;é NE(WFI) (28)
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in general. Further

(Np — N1)(N2 — Np)
NiN2(y1 + »2) + Ny,

NP = Ny + =N (29)

holds.
The proof of Result 3 is given in Appendix 2. By (27) and (29), it holds that

NVED = NP (30)

if y1 +92 = (g1 +q2)/(1 —q1 — q2) and q1 + q» < 1. This equality implies
that the hererozygosity effective population size of the diffusion model approxi-
mates the heterozygosity effective population size of the Wright—Fisher model when

qtaq <l

4 Discussion

When the population size varies, it is usually described in the literature that the effec-
tive population size is equal to the harmonic mean of the population size (see Crow
1954; Gillespie 1998; Nei et al. 1975; Wright 1938). For the Wright-Fisher model
without mutation whose population size fluctuates stochastically, however, I showed
that the inbreeding effective population size N, e(WFl) is not equal to the harmonic mean
Nj, unless the stochastic changes of population size are uncorrelated from generation
to generation (see Theorem 2 of lizuka 2001). By Result 1, this property holds for the
heterozygosity effective size Ne(WFz) of the Wright-Fisher model with mutation when
its population size fluctuates stochastically.

The definition of Ne(wm) is essentially the same as that of Ne(D) for the diffusion
model with mutation when its population size fluctuates stochastically. Though the
definitions of these heterozygosity effective population sizes are essentially the same,
the relations of these effective population sizes to the harmonic mean of population
size are not the same. The heterozygosity effective population size Ne(D) for the diffu-
sion model is always larger than the harmonic mean (see lizuka et al. 2002), whereas
the heterozygosity effective population size Ne(WFz) for the Wright—Fisher model can
be equal to or smaller than the harmonic mean. Further Sano et al. (2004) showed for
the coalescent model with fluctuation of population size that the coalescent effective
population size Ne(c) (k) defined by means of the mean coalescent time from k genes
to k — 1 genes is always larger than the harmonic mean. These results suggest that
the property that the effective population sizes are always larger than the harmonic
mean under the stochastic fluctuation of population size holds only for continuous time
models such as diffusion and coalescent models and the effective population sizes can
be equal to or smaller than the harmonic mean for discrete time models.

Let

_ (Np—=Du@2—ug)
C 14+ (Np— Dug 2 —ug)

€1y
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be the equilibrium average heterozygosity when the population size is constant and it is
Nj (N(t) = Np). Then the proof of Result 1 in Appendix 2 implies that E[ H (c0)] > O,
E[H (00)] = © and E[H (c0)] < ® for positively autocorrelated stochastic changes,
uncorrelated stochastic changes and negatively autocorrelated stochastic changes of
population size, respectively. These results suggest that the stochastic changes of pop-
ulation size are likely to have positive (resp. negative) autocorrelation when it is known
that the observed heterozygosity is larger (resp. smaller) than ®.

The effective population sizes Ne(WFz) and NLED) depend on mutation rate. It may
be preferable that the effective population sizes do not depend on mutation parameter.
The limits N LEWFZ) and N LfD ) can be regarded as the appropriate effective population
sizes when the effect of mutation is weak for the Wright—Fisher model with mutation
and the diffusion model with mutation when the population size fluctuates stochasti-
cally, respectively. These limits are given in Result 3 (see (27) and (29)). By Result 2
it holds that ﬁéWFz) > Ny, (resp. 1\7§WF2) < Np,) if the successive population sizes
are positively (resp. negatively) autocorrelated and ]Ve(WFZ) = N, if they are uncorre-
lated. Also it holds that ]VE(D) > Nj,. Note that the formula (27) tells that the difference
Ne‘W”) — N}, has the maximal negative value in the case of deterministic demographics
with g1 = g2 = 1 (cyclic change).

It is easy to see that

N(WF2)
lim ¢ =1 (32)
Ni(q1+q2)—00 Ny,
and
N(WFZ)
lim ¢ =1, (33)
Na(qi+g2)—>0 N
where
, , Nigy + N
Ny =EIN@)] = Ny pP 4 Nppl?) = 12200 (34)
q1 + q2

is the arithmetic mean of the fluctuating population size N (t) (N, < N,). The same
properties as (32) and (33) hold for the heterozygosity effective population size NE(D)
of the diffusion model with mutation when its population size fluctuates stochastically
(see (51) and (52) of lizuka et al. 2002) and for the coalescent effective population
size Ne(c)(k) of the coalescent model with fluctuating population size (see (31) and
(32) of Sano et al. 2004). For the inbreeding effective population size Ne(WFl) of the
Wright—Fisher model without mutation the same property as (32) holds though the
property as (33) does not hold (see Theorem 5 of lizuka 2001).

The equality (32) and the same properties of the other three models imply that
the effective population sizes are close to the harmonic mean if the population size
fluctuates between two large values and the probability of the change is not weak
(the autocorrelation of population sizes in two distinct generations is weak) in the
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sense that Ni(g; + ¢2) is large. Sjodin et al. (2005) considered the three cases that
fluctuations of population size are fast, intermediate and slow compare to coalescent
time scale. Their coalescent effective population size only exists when fluctuations
are fast and the population sizes are large enough and it is asymptotically equal to the
harmonic mean (Jagers and Sagitov 2004 obtained a much more general asymptotic
result providing N(¢) being a finite Markov chain and exchangeable reproduction
laws introduced by Cannings 1974). This is consistent with a result of present paper
since the equality (32) implies that the heterozygosity effective population size NéWFZ)
becomes asymptotically equal to the harmonic mean Ny as N1, N> and Ni(q1 + q2)
tend to infinity (the essentially the same property holds for the other three effective
population sizes N (WE1), Ne(D) and Ne(c) (k)). The condition that N1(q1 + ¢2) tends
to infinity corresponds to fast fluctuations of population size in the sense of Sjodin
et al. (2005). Note that fluctuations of population size are intermediate in the sense
of Sjodin et al. (2005) for the coalescent model of Sano et al. (2004). On the other
hand, the equality (33) implies that under weak mutation the heterozygosity effective
population size NLEWFZ) is close to the arithmetic mean if the population size fluctu-
ates between moderate or small values and the probability of the change is weak (the
autocorrelation of population sizes in two distinct generations is strong) in the sense
that N»(q1 + ¢2) is small.

Considering effects of selection on the genetic diversity of populations, effects of
weak selection depend on population size (Ohta 1973, 1992). The fluctuation of pop-
ulation size must be incorporated in weak selection models when population size is
not constant. It is difficult, however, to develop the mathematical analysis of these
complex models. One of mathematically tractable ways is introducing an appropriate
effective population size and replacing the population size by the effective population
size in the weak selection models without fluctuation of population size. The results
of this paper show that the harmonic mean of population size cannot be used as the
effective population size in general.

The classical result that the effective population size is equal to the harmonic mean
was originally obtained asymptotically as the census population sizes tend to infinity.
Therefore, it is a remarkable fact that the effective population size is exactly equal to
the harmonic mean when the population size changes stochastically and the successive
changes are uncorrelated.

An advantage of discrete time models is that it is easy to incorporate stochastic
change of a model parameter such as the population size into the models since the
cases of positive autocorrelation, negative autocorrelation and no correlation can be
formulated in a unified way (see lizuka 1987). In this paper, a two-state Markov chain
is considered for population evolution since various explicit formulas can be obtained
for this simple Markov chain. It is a future problem to see whether the conclusions
of the present paper on the effective population size hold for more general Markov
chains.
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Appendix 1 Definition and properties of Ne(WFl), N‘fD) and Ne(c) (k)

Definition of three effective population sizes and their properties of the Wright-Fisher
model without mutation, the diffusion model with mutation and coalescent model
under stochastic fluctuation of population size are presented. The different notations
and terminologies from the original papers (Ilizuka 2001; Iizuka et al. 2002; Sano et al.
2004) may be used here to unify them with those of the main text of this paper.

A.1.1 Wright-Fisher model without mutation under stochastic fluctuation
of population size (lizuka 2001)

The definition of this model is the same as that of the main text of this paper (Wright—

Fisher model with mutation under stochastic fluctuation of population size) except
thatu = 0. By (15) and u = 0,

t
E[H ()] = E[H(0)]E |:H [1 - m” (35)

k=1

for this model. Since it holds that
1 t
E[H (t)] = E[H(0)] (1 — N) (36)

when the population size is a constant (N = N(t)), the inbreeding effective population
NLSWFI) of this model is defined by

1
1 , d 1 ’
- lim (E [k];[] Il - Yo ”) : 37)

Then NéWFI) has the following concrete expression.

size

1
NWED — (38)
1-— o4

where o is the largest solution of the quadratic equation
2 ot ¢! )+ (1 ! ¢! ) o
a? — - — - — -
qi N, q2 i
1
I—— ) —q1— =0. 39
X ( Nz) (I —q1—¢q2) (39

It holds that NVFD > Ny, (resp. N(WF” < Ny if0<q+q < landgigs # 0
(resp. q1 + g2 > 1) and N(WFI) nif g1 + g2 = 1 and q1q2 # 0, where is N}, is
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370 M. lizuka

defined by (10). Though two allele case is considered for simplicity in lizuka (2001),
it is obvious that this model can be extended to K allele case (K > 2).

A.1.2 Diffusion model with mutation under stochastic fluctuation of population
size (lizuka et al. 2002)

For this diffusion model, time parameter ¢ is continuous (—oo < t < 0o) and N(¢) is
the population size of a haploid population at time . Consider a neutral locus with K
alleles (2 < K < o0) and with symmetric mutation between them. If the population
size is constant (N = N(t)), the average heterozygosity of the population H(¢) at
time ¢ satisfies

dH I
dt(t) = = HO +2{u —ug HO)Y, “0)

where u is the total mutation rate of an allele and ux = Ku /(K — 1). Then H(¢) and
H(oo) = lim;_, o, H(t) are given by

Nu 2Nu
)= — O = 7(2MK+1/N)I7 41
H© 1—|—2Nu1<+[H() 1+ 2Nug | ¢ 1)
and
H(oo) = —N U 42)
o00) = ———.
1+2Nug

Let N (t) be a stationary process. The diffusion model under stochastic fluctuation
of population size is defined replacing N by N (¢) and this is a diffusion model with a
random parameter N (¢). For this diffusion model, the average heterozygosity of the
population H () at time ¢ satisfies

dH(t) 1
- 2u — : 43
R N(I)H(t) +2{u —ug H(t)} (43)
Then H(t) is given by
t
H(t) = 2u/e—f;{2uk+1/zv(s)}dsdz + H(0)e JoRuk+1NG)ds (44)

0

The expectation of a quantity X with respect to the stochastic fluctuation of population

size is denoted by E[ X]. By (42), the heterozygosity effective population size NE(D) is
defined by

NPy

E[H(0)] = ————,
1+ 2N ug

(45)
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where H(oo) = lim;_, o, H(?). This effective population size has the property that

Ny < NE(D) < Ny, where Nj, and N, are the harmonic mean and the arithmetic mean
of population size, that is, 1/N, = E[1/N(¢)] and N, = E[N (¢)].
For the special case that N (¢) is a two-valued Markov chain on {N}, N>} such that

(1 =LAt +o(Ar) At +o(Al)
- y1At + o(At) 1 — ya At + o(Ar)

« (P(N([):Nl))’ (46)

P(N(t + A1) = Ny)
P(N(t + At) = N»)

P(N(1) = N2)
(At | 0), this effective population size has a concrete expression

N(D) =N, + (N2 — Np)(Njp — Ny) (47)
¢ (Y1 +y2 +2ug)N{ N> + Ny,

Here N1 < N, and y; is the jump rate of N (¢) conditional on N(t) = N; (i =1, 2).

A.1.3 Coalescent model under stochastic fluctuation of population size
(Sano et al. 2004)

For this coalescent model, time parameter ¢ is continuous (—oo < ¢ < 00) and N (¢)
is the population size of a haploid population at time ¢. Here N (¢) is a continuous time
Markov chain on {Ny, N, ..., N} with Ny < N < --- < N and

P(N(t + A1) = Nj | N(t) = N;i) = yij At + o(Ar), (48)
(At | 0), which is assumed to be an ergodic and reversible Markov chain with respect

to the stationary distribution v = (vy, v2, ..., vr). Let K be a fixed positive integer.
A (K x L) x (K x L) matrix Q = ()/(k,i)(l,j)) with

k('fz;,-l)’ if iI=k—1,j=i
v if =k j#i
.}/ky. 1’ . = _ . . o (49)
(ot _k(é{N,-l) = Dmgi Yimy AL L=k, j =i
0, otherwise

is the generator of a continuous time Markov chain (k(z), N(¢)) on {(k, N;) : k =
1,2,...,K; i=1,2,..., L}. Measuring the time backward, (k(¢), N(t)) is the coa-
lescent model under fluctuation of population size. Let A(¢) be the standard Kingman’s
ancestral process (see Tavaré 1984) and I (t) = fot ﬁdu. Kaj and Krone (2003) con-
structed a coalescent model (A (I (¢)), N (¢)) under fluctuation of population size. Two
coalescent models (k(#), N(t)) and (A(Z(¢)), N(t)) can be regarded as the same Mar-
kov chain (Sano et al. 2004). Let T, = inf{t > 0| A(t) = k — 1, A(0) = k} be
the coalescent time from k genes to k — 1 genes. Let E[T}] be the expectation of T}
with respect to coalescent events and the stochastic fluctuation of population size. The
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coalescent effective population size from k genes to k — 1 genes NE(C) (k) is defined
by

2 NO©
E[Tx] = ml\’e k), (50)
since E[T;] = ﬁN when the population size is constant (N(f) = N).

For this effective population size, it holds that N;, < Ne(c)(k) < N, where N, =
(Z{;l v,~/N,-)_1 and N, = Zi[‘:l N;v; are the harmonic mean and the arithmetic
mean of population size.

For the special case that N () is a two-valued Markov chainon { N1, N2} (N1 < N»),
the coalescent effective population size from two genes to one gene is expressed as

(Np — N1)(N2 — Np)

NOQ) = Ny + ,
e @ " NN (v + ) + N

(D

-1
where y1 = y12, y2 = y21 and Nj = (y1 + 72) (11\',_21 + 1)\/}_12) _

Appendix 2 Proof of Results 1, 2 and 3
A.2.1 Proof of Result 1
Note that (L —1)/(M +m) > L/M ifand only if Lm +IM < 0, (L —1)/(M +m) =

L/M if and only if Lm +IM = 0, and (L —1)/(M + m) < L/M if and only if
Lm +1IM > 0. Put

1
L:l—N—h, (52)
[=(1—ug)niny(1 —q1 — q2), (53)
1
M=1—Q—Nﬂaemm% (54)

1
M=ﬂ—wfp—m—m—m+ﬂ—wﬂm4ﬂ—m—@l6$

Then it holds that
L1 = —u? (— - L) (L - L)a ) (56)
m =—(1—-u — — — = —q1 — q2),
K N N, N, N, q1 — q2
L Ny, —1
— = é : (57)
M~ 1+ (Np— Dug 2 —ug)
L—1 E|H
_ EBlH(0)] -

M+m  u®-—ug)
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by noting (18). Since Lm +IM < Oifandonly if 0 < g1 +¢g2 < 1, Lm +IM =0 if
and only if g1 + g2 = 1, and Lm 4+ IM > 0 if and only if g1 + g2 > 1, it holds that

(Np — Du —ug)
AN v D -~ >

ifand only if 0 < g1 + g2 < 1,

E[H (c0)] = © (60)
ifandonly if g1 +¢q2 =1,

E[H(c0)] < © (61)

if and only if g1 + g2 > 1. Here © is the equilibrium average heterozygosity when the
population size is constant and N (#) = N}, (see (31)). The conclusion of Result 1 holds
since the heterozygosity effective population size Ne(WFZ) is an increasing function of
E[H (c0)] (see (21)). O

A.2.2 Proof of Result 2

It is enough to show that E[ H (00)] is a decreasing function of g since Ne(WFZ) is an

increasing function of E[ H (c0)]. For the symmetric case that ¢ = g1 = ¢2,

1 _ni+n
N, 2

(62)

and E[H (c0)] can be expressed as

u(l—ug)fng +na— (1 —ug)?nina(1 — 2¢)}
1= —ug)?(n +n2)(1 —q) + (1 —ug)*nina(1 —2q)
(63)

g(g) = E[H(o0)] =

Here E[H (0c0)] is denoted by g(g) as a function of g. After tedious calculations, it
can be shown that the derivative of g(g) with respect to ¢ is

u(l —ug)(ny —n2)?

_{1 — (I —ug)?(1 —q) + (1 —ug)*nina(1 — 2¢)}? <0 ©4)

g @) =

Then E[H (00)] is a decreasing function of ¢. O
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A.2.3 Proof of Result 3
By (18) and (21), it can be shown that

NOWE2) _ iy, 4 (Np — ND)(N2 — Np)(1 — g1 — qz). 65)
¢ NiNa(g1 + q2) + No(1 — g1 — q2)

On the other hand,

~ Np — N1)(N, — N,
N =Nh+( h 1) (N2 — Np) 66)
NiN2(y1 + y2) + N

holds by (47). The second equality in Q9) can be shown by (51). The result of (28) can
be seen quantitatively since 0.67 < NWF2/NWED < 0,68 if N| = 10, N, = 100
and g1 = ¢2 = 0.01. O
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