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ABSTRACT. The climatic fluctuations of the Quaternary have influ-
enced the distribution of numerous plant and animal species. Several
species suffer population reduction and fragmentation, becoming restricted
to refugia during glacial periods and expanding again during intergla-
cials. The reduction in population size may reduce the effective popula-
tion size, mean coalescence time and genetic variation, whereas an in-
creased subdivision may have the opposite effect. To investigate these
two opposing forces, we proposed a model in which a panmictic and a
structured phase alternate, corresponding to interglacial and glacial peri-
ods. From this model, we derived an expression for the expected coales-
cence time and number of segregating sites for a pair of genes. We
observed that increasing the number of demes or the duration of the
structured phases causes an increase in coalescence time and expected
levels of genetic variation. We compared numerical results with the ones
expected for a panmictic population of constant size, and showed that
the mean number of segregating sites can be greater in our model even
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when population size is much smaller in the structured phases. This points
to the importance of population structure in the history of species subject
to climatic fluctuations, and helps explain the long gene genealogies ob-
served in several organisms.

Key words: Refugia, Coalescent theory, Population structure,
Pairwise differences

INTRODUCTION

The climatic fluctuations of the Quaternary, with cycles of glacial and interglacial peri-
ods, have affected the distribution of several organisms (Webb and Bartlein, 1992; Burnham
and Graham, 1999). Many plant and animal species are subject to population reduction and
fragmentation, becoming restricted to refugia during glacial periods and expanding again during
the interglacials. This affects both population size and structure, in a cyclic fashion.

Demographic changes may be detectable in DNA sequences. In fact, there have been
a great number of studies based on sequence or polymorphism data from species that are
thought to have undergone these cyclic changes (e.g., Hugall et al., 2002; Lessa et al., 2003;
Petit et al., 2003; for reviews, see Hewitt, 2000, 2004). In several of these, the questions of
interest are the existence and number of refugia, as well as their importance for current genetic
variation.

From the theoretical side there have been numerous studies on the genetic conse-
quences of population size change (e.g., Wright, 1938; Nei et al., 1975; Slatkin and Hudson,
1991) and on the importance of population structure (for review, see Charlesworth et al., 2003).
Also, some authors have included subdivision in models of population expansion or colonization
(Austerlitz et al., 1997; Ray et al., 2003; Excoffier, 2004). However, none of them have taken
into account cyclic changes in both population size and structure. Such a model is necessary if
we are to investigate the genetic consequences of cyclic climatic fluctuations.

One question of interest is whether the demographic changes caused by these climatic
fluctuations lead to an increase or a decrease in coalescence times and, consequently, in levels
of genetic variation. The reduction in population size is expected to reduce the effective popula-
tion size, mean coalescence time and overall genetic variation. On the other hand, the increase
in population subdivision may cause a stretch of the mean coalescence times and an increase in
genetic variation.

In the present study, we investigated coalescence times and genetic variation in a model
of repeated changes in population size and structure. We used a coalescent approach (Kingman,
1982a,b; Hudson, 1983; Tajima, 1983), and obtained expressions for the expected coalescence
time and the number of segregating sites of two sequences, sampled in the present interglacial
period. We considered the effects of the opposing forces of population reduction and increased
structure, focusing specifically on what conditions result in an overall increase or decrease in
mean coalescence times and genetic variation.
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MODEL AND THEORY

In this model the population undergoes cycles composed of two phases: a panmictic
phase, corresponding to the interglacial periods, and a structured phase, corresponding to the
glacial periods (Figure 1). We assumed that the species is favored by the interglacials, and
therefore has a larger and more continuous population during those times, while having a smaller
and more fragmented population during the glacial periods.

Figure 1. Schematic representation of the model, with alternating panmictic and structured phases corresponding to
interglacial and glacial periods, respectively. The current phase is an interglacial.

Reproduction is according to the Wright-Fisher model (Fisher, 1930; Wright, 1931), both
in the panmictic phase and within each deme during the structured phase. We considered a
haploid organism, but the conclusions can be extended to diploid organisms. We also made the
usual coalescent assumption that the population or deme size is much larger than the number of
sequences sampled (see Hudson, 1990).

The model has five parameters, which are the population size during the panmictic
phases (N

P
), the duration in generations of each panmictic phase (t

P
), the number of demes in

the structured phases (D), the deme size (N
S
), and the duration in generations of each structured

phase (t
S
). We assumed that during the structured phases the population is subdivided into D

demes of equal size (N
S
 ), with no migration between them. In the transition from a panmictic to

a structured phase, backwards in time, the lineages are randomly distributed among the D
demes.

We have derived an expression (see Appendix) for the expected coalescence time
(E[coal. time]) of two genes sampled in the present interglacial:

(Equation 1)
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We were also interested in levels of genetic variation, and one measure which is largely
used is the number of segregating - or polymorphic - sites in a sample of genes. The expectation
of this number is a simple function of the mean coalescence time if we assume no intra-genic
recombination and a simple mutation model. Assuming an infinite sites mutation model (Kimura,
1969), the expected number of segregating sites in a sample of two genes is, simply:

(Equation 2)

where µ  is the mutation rate per sequence per generation, and E[coal. time] is obtained from
Equation 1. The mean number of segregating sites, in this case, is also the mean number of
pairwise differences.

RESULTS AND DISCUSSION

We started by studying the influence of each parameter of the structured phases on
coalescence times and genetic variation. Since we are interested in habitat reduction during
glacial periods, we focused our attention to cases in which both N

S
 < N

P
 and D.N

S
 < N

P
, i.e.,

when both the deme size and the total population size in the structured phases - corresponding to
the glacial periods - are smaller than the population size in the panmictic phases.

In Figure 2, we plotted the mean number of segregating sites as function of the time (t
S
),

deme size (N
S
) and number of demes (D) of the structured phases. We assumed a mutation rate

of µ = 10-5 and fix the parameters of the panmictic phases as N
P 
= 100,000 and t

P 
= 10,000. The

other parameter values for each plot are given in the figure legend.

Figure 2. Mean number of segregating sites (E[S]) as a function of the following parameters of the structured phase: A.
size of each deme (N

S
), with t

S
 = 100,000 and D = 5; B. Number of demes (D), with t

S 
= 100,000 and N

S 
= 10,000 (lower line)

or D.N
S 
= 50,000 (upper line), and C. Number of generations (t

S
), with N

S 
= 10,000 and D = 5 (lower line) or D = 10 (upper

line). In all cases N
P 

= 100,000; t
P 

= 10,000; µ = 10–5.

As expected, a reduction in population size during the glacial phases will tend to reduce
the mean coalescence times and consequently the mean number of segregating sites (Figure
2A). The increase in subdivision, on the other hand, tends to increase the mean coalescence
times and the mean number of segregating sites.

In Figure 2B we observe that the mean number of segregating sites increases with the
number of demes. We plotted the curve for two different cases: keeping the value of N

S
 con-

stant or keeping the value of D.N
S 
constant. In the first case, as the number of demes increases,

the total population size (D.N
S
) also increases. In the second case, the total population size is

kept constant, and increasing D means subdividing the population into smaller demes. It is inter-
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esting to observe that both curves behave almost identically. Especially, that a greater number of
demes, but with smaller size each, will still cause a large increase in coalescence time and
genetic variation. We have investigated this with other parameter values, and a similar behavior
was observed. This indicates that the number of demes is important in maintaining genetic
diversity during periods of population reduction - when migration between them is negligible -
even when each deme is of small size.

The duration of the structured phases also influences coalescence time and genetic
variation. In Figure 2C we observe that an increase in t

S
 generally causes an increase in the

mean number of segregating sites. In the case where D = 5, there is a small range of the plot
where the mean number of segregating sites decreases with increasing t

S
. However, it in-

creases in most of the plot when D = 5, and throughout the plot for larger values of D (shown
here for D = 10).

Having studied the influence of each parameter of the glacial phases, we now turn to a
study of the conditions in which the coalescence times and genetic variation are increased or
decreased, in comparison to what is expected for a panmictic population of constant size N

P
.

With the values chosen (N
P 
= 100,000, µ = 10-5), the expected number of segregating sites would

be E[S] = 2.
In Figure 3 we plotted E[S] as a function of the number of demes (D) and the total

population size during the structured phases (D.N
S
). Figure 3A is a three-dimensional plot, and

Figure 3B is a contour-plot with two levels: above and below E[S] = 2. We observe that when D
≥ 2, the mean number of segregating sites is greater than two, that is, greater than what would
be expected in the case where the population is always panmictic with constant size N

P
. Even

when the total population size and the deme size in the glacial phases are quite small (Figure 3B,
bottom), still the expected genetic variation is increased if the population is subdivided into two
or more demes.

Figure 3. Mean number of segregating sites (E[S]) as a function of the number of demes (D) and the total population size
(D.N

S
) during the structured phases, with N

P 
= 100,000; t

P 
= 10,000; t

S 
= 100,000, and µ = 10-5. A. Three-dimensional plot;

B. Contour-plot with the region where E[S]<2 in black and E[S]>2 in white.

We also plotted the mean number of segregating sites as a function of the duration (t
S
)

and deme size (N
S
) during the structured phases, fixing the number of demes at D = 2 (see

Figure 4). We observe that, when t
S
 is large, the mean number of segregating sites is greater

than two even with very small values of N
S
 (Figure 4B, bottom right corner). Paleoclimatic
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studies support the notion that the glacial periods lasted much longer (~80,000-90,000 years)
than the interglacials (~10,000) (Petit et al., 1999; Jouzel, 2003). Therefore, in species with one
generation/year, for instance, such large values of t

S
 are highly plausible.

Figure 4. Mean number of segregating sites (E[S]) as a function of the time in generations (t
S
) and the size of each deme

(N
S
) during the structured phases, with N

P 
= 100,000; t

P 
= 10,000; D = 2, and µ = 10-5. A. Three-dimensional plot; B.

Contour-plot with the region where E[S]<2 in black and E[S]>2 in white.

Most molecular studies of species which have undergone the cyclic changes of the
Quaternary have focused on the genetic consequences of the last cycle only. However, in
several species the most recent common ancestor at some loci predates the last glacial period,
sometimes tracing back even to the Pliocene (>2 mya) (e.g., Paulo et al., 2001; Hewitt, 2004;
Smith and Farrell, 2005). The results obtained here suggest that population subdivision, espe-
cially during the long glacial periods, is a possible explanation for these long gene genealogies.

Population subdivision is known to cause an increase in genetic variation at the species
level. Based on the island model, for instance, Wright (1951) concluded that a subdivided popu-
lation is capable of preserving a greater number of alleles than a well-mixed population of the
same size. Nei and Takahata (1993), studying mean coalescence times in a finite island-model,
found that the effective size of a species can be larger when migration rates are low. In the
present study, we have shown that, even when the increase in population structure - by means
of subdivision - is accompanied by a simultaneous reduction in population size, it can still cause
an increase in expected coalescence time and levels of genetic variation.

The model presented here has some quite unrealistic assumptions, such as the total
absence of population subdivision during interglacial periods as well as the absence of migration
during the glacial periods. The investigation of a more general model, where these assumptions
are relaxed, is the subject of an ongoing study. Nonetheless, the results obtained with the pres-
ent model are useful in pointing to the importance of population subdivision in the history of
species subject to climatic cycles, and offer a potential explanation for some of the observed
patterns in molecular data.
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APPENDIX

In order to obtain an expression for the mean coalescence time, we made use of the
fact that the expectation of a sum of random variables is equal to the sum of the expectations of
each random variable. The expected mean coalescence time is the sum of the contributions of
each phase, which we will call here X

1
, X

2
, X

3
, etc. We need to obtain the sum of the E[X

i
]’s.

For the first phase - panmictic - the contribution can be divided into two cases: if coales-
cence happens already during this phase, and if it does not. If it does not occur, the contribution
of this phase for the coalescence time is simply t

P
. If it does, the contribution is the number of

generations that have passed until the coalescence event. Summing these parts multiplied by
their respective probabilities, and simplifying, we obtain:

The contribution of the third phase is then:

where τ
P 

= t
P
 /N

P
. It is important to note that, in this calculation, we used the continuous-time

approximation (see Hudson, 1990), with time measured in units of N
P
 generations. The contribu-

tion of this phase in units of generations is, therefore:

For the second phase (structured), the contribution will be equal to zero if the two
lineages have already coalesced during the previous phase. If they have not coalesced (prob-
ability equal to e-τ), the two lineages will be randomly distributed among the demes. The prob-
ability that they will end up in a single deme is 1/D, and in separate demes 1-1/D. Since we are
assuming that there is no migration, two lineages in separate demes have zero probability of
coalescing. In this case, the contribution for the mean coalescence time is t

S
. And in the case

where the lineages end up in the same deme, the contribution is calculated in the same way as
for the panmictic phase, using t

S
 and N

S 
instead of t

P 
and N

P
. Therefore, the contribution of this

phase for the mean coalescence time is:

For the third phase, panmictic, we only need the probability that the lineages have not
coalesced yet, multiplied by the result of the first phase (Equation A2). The probability that the
lineages have not coalesced by the beginning of the third phase is:

(Equation A1)

(Equation A2)

(Equation A3)

(Equation A4)

(Equation A5)
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Likewise, the contribution of the fourth phase is:

For each odd phase, then, the contribution for the mean coalescence time is of the form:

And in each even phase, the contribution is of the form:

Combining both, and summing for each phase, we obtain the mean coalescence time:

The sum present in the previous equation is a geometric series of kind:

with |a|<1, which converges to 1/(1-a). This allows one more simplification:

(Equation A6)

(Equation A7)

(Equation A8)

(Equation A9)

(Equation A10)

(Equation A11)

This is then our Equation 1, presented beforehand in the main text.


