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Paris, France and §Institut National Agronomique Paris-Grignon, F-75005 Paris, France

Manuscript received May 15, 1999
Accepted for publication November 11, 1999

ABSTRACT
Tree species are striking for their high within-population diversity and low among-population differentia-

tion for nuclear genes. In contrast, annual plants show much more differentiation for nuclear genes but
much less diversity than trees. The usual explanation for this difference is that pollen flow, and therefore
gene flow, is much higher for trees. This explanation is problematic because it relies on equilibrium
hypotheses. Because trees have very recently recolonized temperate areas, they have experienced many
foundation events, which usually reduce within-population diversity and increase differentiation. Only
extremely high levels of gene flow could counterbalance these successive founder effects. We develop a
model to study the impact of life cycle of forest trees, in particular of the length of their juvenile phase,
on genetic diversity and differentiation during the glacial period and the following colonization period.
We show that both a reasonably high level of pollen flow and the life-cycle characteristics of trees are
needed to explain the observed structure of genetic diversity. We also show that gene flow and life cycle
both have an impact on maternally inherited cytoplasmic genes, which are characterized both in trees
and annual species by much less diversity and much more differentiation than nuclear genes.

THE present distribution of genetic variability in for- structure is clearly much higher for maternally inherited
cytoplasmic markers than for nuclear ones. Data on theest tree species is peculiar. Isozyme data, collected

by Hamrick et al. (1992) and Hamrick and Godt structure of cytoplasmic genetic diversity in annual or
short-lived plants are very rare. For Silene alba, a short-(1996) on a large number of species, indicate that trees
lived perennial, FST is 0.613 for chloroplast genes andmaintain a significantly higher level of genetic diversity
0.128 for nuclear genes on a regional scale in a recentlywithin species (0.177 on average) and within popula-
colonized region (McCauley 1994, 1997). The valuestions (0.148 on average) than annual plants (respec-
are, respectively, 0.624 and 0.222 for S. vulgaristively 0.154 and 0.101 on average) for nuclear genes.
(McCauley 1998). There are also few data for pater-Forest trees also show a lower level of genetic differentia-
nally inherited chloroplast genes in gymnosperms. Theytion among populations, measured with GST (Nei 1973),
usually show much less differentiation than maternallya coefficient of gene differentiation equivalent to
inherited mitochondrial genes (Dong and WagnerWright’s (1951) FST: 0.084 on average for woody long-
1994; Latta and Mitton 1997).lived perennial species and 0.355 on average for annual

The high within-population diversity and low differen-plants. The low differentiation observed with isozymes
tiation of trees’ nuclear genes is unexpected. Duringhas recently been confirmed by molecular data for sev-
the last glacial period of z100,000 years (Andersen anderal species (for instance, the oak Quercus petraea; Le
Borns 1994), tree species from the Northern Hemi-Corre et al. 1997a).
sphere were confined to a few southern refuges com-Analysis with cytoplasmic markers of chloroplast DNA,
pletely isolated from one another. About 15,000 yearswhich is maternally inherited in most angiosperms, gives
ago, they began to recolonize all temperate areas andcompletely different results: a clear geographic struc-
some species have only recently reached their modernture is observed. For two European species of oaks, the
range limits (Huntley and Birks 1983; Huntleyestimations of GST are 0.905 for Q. robur and 0.925 for
1990). As pointed out by Kremer (1994), because ofQ. petraea (Petit et al. 1993a). Comparable values are
trees’ long life span, there have been only 100–1000given for various tree species in Ennos (1994). Genetic
generations (depending on the species) since the end
of the last glacial period. Our previous results (Auster-
litz et al. 1997) showed that the successive foundation
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sity, especially in populations far from refuges. This is previous models of tree populations, only long genera-
tion time was taken into account, trees being thus mod-the classically denoted founder effect: the loss of diver-

sity in newly founded populations due to a small number eled as semelparous long-lived plants with no overlap
between generations (bamboo-like models; Petit et al.of founders.

Various authors have experimentally investigated the 1993b; Ennos 1994; Le Corre et al. 1997b). Here trees
are also characterized by a juvenile phase and overlap-impact of recent colonization events on genetic diver-

sity, both on annual plants and tree species, on a more ping generations. They are compared with plants having
no juvenile phase or nonoverlapping generations, withlocal scale. They show that colonization events usually

yield strong founder effects in plant species (West- either a 1-year generation (annual plants) or the same
generation time as trees. In the latter case, all plants inerbergh and Saura 1994; Raybould et al. 1996), but

it is not the case for several tree species (Mariette et a cohort reproduce and die simultaneously. This corre-
sponds to “trees” as modeled in previous studies, butal. 1997; Raspé and Jacquemart 1998).

The usual explanation for the limited differentiation not to any existing plant, and it allows us to characterize
the effect of life cycle independently of generationof nuclear genes in trees and for their high differentia-

tion for maternally inherited cytoplasmic genes is that length. To also separate the effects of life cycle from
other effects, all the comparisons are made with thethere is much more migration through pollen than

through seeds. Ennos (1994) showed that the differ- same effective size, the same amount of gene flow
through seeds and pollen, and the same populationence between nuclear and cytoplasmic gene differentia-

tion in oaks could be explained by a 200:1 ratio between growth rate.
gene flow through pollen and seeds, respectively. Never-
theless, his results are calculated for an island model at

MATERIALS AND METHODSequilibrium. Equilibrium hypotheses seem unrealistic
because recolonization is recent for forest tree species, Demographic model within each population: We simulate
and an island model on the scale of most temperate a tree life cycle of several size classes and include a density-

dependence factor. In classical models of population dynam-areas is doubtful. To be more realistic, Le Corre (1997)
ics, the transition from one population state to another issimulated the process of European recolonization with
based on a matrix that gives annual survival and reproductiona two-dimensional (2D) stepping-stone model with non-
rates. These models were originally used by Lewis (1942) and

overlapping generations. To explain the observed FST Leslie (1945) for human demography and dynamics of animal
values, she had to take an even higher ratio of pollen populations that were age structured.

They were adapted to populations of forest trees, eitherflow vs. seed flow.
natural (for example, Bosch 1971) or managed (Usher 1966,None of these studies take into account an important
1969). Following these models, we structured populations ac-feature of tree species. Unlike short-lived annual and
cording to the size of the individuals rather than the age, as

perennial plant species, trees have a long life span and in Lefkovitch (1965). If A is the annual transition matrix
grow vegetatively for a long period before reproduction. and N(t) and N(t 1 1) are the vectors of the numbers of trees

in each size class, respectively, at years t and t 1 1, we writeBirches, alders, elms, and poplars reproduce at z10
N(t 1 1) 5 A · N(t).years; maples and chestnuts between 20 and 30 years;

and oaks and beeches at z50 years. Great longevity,
several age or size classes, overlapping generations, and
a long juvenile phase are the main characteristics of the

A 5 1
P11 0 0 . . . f

P12 P22 0 . . . 0

0 P23 P33 ..
.

..

. . . . . . . ..
.

0 . . . 0 Pk21,k Pkk

2,life cycle of trees.
The first aim of this article is to show the impact of

this life-cycle difference between trees and short-lived
plants on genetic diversity and population structure dur-

where Pii is the proportion of trees that stay alive and remaining colonization. Our hypothesis is that due to the dura-
in class i from t to t 1 1; Pii11 is the proportion of trees of

tion of the juvenile phase, a newly founded tree popula- class i that stay alive and move from the class of size i to i 1 1
tion will grow for many years only through the arrival during the time interval t to t 1 1; and f is the number of

offspring per individual of the last class at each generation.of new migrants, increasing the number of founders
Thus, we have k 2 1 classes of juveniles and only one class ofof a population and therefore decreasing the founder
adult trees that can reproduce. The proportion of individualseffect. The second aim is to study the impact of the
that die in class i in one time unit is 1 2 Pii 2 Pii11.persistence of several refuges, isolated from one another However, models based on the Leslie matrix yield exponen-

during the glacial period. tial growth or decrease of the size of each class, which is
not realistic enough if long-term predictions are required.We develop a Markovian approach that follows the
Therefore we include a density-dependent growth regulationevolution of genetic structure for nuclear and mater-
function, adapted from Buongiorno et al. (1995). This regula-nally inherited cytoplasmic genes of plants with a tree
tion acts as follows: when density increases, the probabilities

life cycle during and after a colonization period, follow- of moving to the next class and fecundity decrease, whereas
ing long isolation. Our colonization starts from one mortality increases. This is performed by assigning to the indi-

viduals of each class a given stand basal area (which is a mea-or several refuges and is one- or two-dimensional. In
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sure of the space occupied by an individual). Then, at each sity and differentiation were tested; in most cases we started
with the expected equilibrium value for the 102 populations,time t, all Pii11 and f are multiplied by a reduction coefficient

a(t) (0 # a(t) # 1), which is computed so that the total stand connected by gene flow, as indicated. Before starting the colo-
nization, we let the 12 populations evolve during 80,000 yearsbasal area of the whole population grows logistically to an

equilibrium value (see details in appendix a). (the average length of glacial periods, see Hays et al. 1976;
Paillard 1997), with no gene flow through seeds or pollenThe demographic data available (see, for instance, Buongi-

orno and Michie 1980; Harcombe 1987) subdivide tree pop- among them. After the isolation period, the colonization
starts, with 1 new area of populations being open for coloniza-ulations into a small number of classes and are very specific

for a given species in a given area. Because we were interested tion every 500 years. This new area consists of 6 populations
on a line (see Figure 1B). This yields a colonization periodin features that are common to all forest tree species, we chose

parameters that were representative of the main characteristics of 7000 years. Then the populations evolve, remaining at their
equilibrium size, for a postcolonization period of 8000 years.of forest trees. The number of classes (k) is 25, so trees can

never reproduce before the age of 25, and fecundity is high The entire process lasts 95,000 years. The length of the differ-
ent periods is realistic (Huntley and Birks 1983; Kremerin the absence of density dependence (f 5 250). The other

parameters of the projection matrix A are given in appendix 1994), but due to the limitations in the number of populations,
the interval between two colonization events had to be long.a, and they were chosen so that at equilibrium an individual

reaches the adult class on average at 50 years and the average In each case the migration parameters are ms and mp, the
proportion of seeds and pollen produced by the adults of aage of the individuals in the adult class is 100 years. An impor-

tant point of this model is that, for a newly founded popula- population p that exit the population. Migrants arrive with
equal probability to each of the populations to which p istion, due to low density, trees reaching the adult class are

much younger. With the chosen parameter, tree populations connected. Regulation by density dependence acts on migrant
seeds in the population in which they arrive in the same wayare filled to carrying capacity within a few hundred years (i.e.,

a few generations). that it acts on local seeds.
Computation of genetic parameters: The mutation rate is setThe results obtained for trees are compared with those

obtained for plants with no juvenile phase and nonoverlapping at 1026 for nuclear and cytoplasmic genes. We use a Markovian
approach to calculate the probabilities of identity by descentgenerations. For these plants, the population size at equilib-

rium is set at the effective size of tree populations at equilib- (IBD) iteratively from one generation to the next, assuming
an infinite allele model. Time is expressed in units of years,rium (Ne), which is calculated using the method of Orive
except for the plants with long nonoverlapping generations,(1993). These plants are modeled with a single class (k 5 1).
where it is expressed in units of generations. Individuals areAll individuals are born, reproduce, and die within a single
diploid for their nuclear genes and haploid for their cyto-generation (that is, P11 5 0). The population grows logistically
plasmic ones, which are strictly maternally inherited. We as-toward its equilibrium size. The initial growth rate r is directly
sume a panmictic reproduction among all the individuals ofrelated to the fecundity f : f 5 1 1 r. The generation time
the adult class. The probabilities f c

p,i,q,j and f n
p,i,q,j of identity bycan be either 1 year (annual plants) or 100 years, which is

descent at time t for two cytoplasmic or nuclear genes belong-approximately the generation time of trees in our model.
ing, respectively, to individuals of population p and class i andVarious values of the fecundity were tested: f 5 1.01, 1.1, 1.5,
of population q and class j, are calculated iteratively everyor 3. It is difficult to compare precisely the growth of trees
unit of time, after migration and reproduction occur, for alland plants with nonoverlapping generations. The value of 1.1
populations p and q that are not empty at time t and all classesis the fecundity necessary for the population of annual plants
i and j between 1 and k (see details in appendix b). Theto grow approximately at the same rate as trees, as defined in
following computations are the same for nuclear or cyto-our model. The value of 3 is the corresponding value for the
plasmic genes, and fp,i,q,j denotes both f c

p,i,q,j or f n
p,i,q,j in thisplants with nonoverlapping generations of 100 years. These

subsection.values were determined by empirical comparison of the
The expected diversity Hp in each population p is thengrowth of stand basal area in both cases.

calculated as follows: Hp 5 1 2 fp,p, where fp,p is the averageColonization models: In each case, we have a total of d
probability of identity by descent within population p,populations connected by seed and pollen flow in a one- or

two-dimensional stepping-stone model (see Figure 1).
We wanted to first study the interaction between the coloni- fp,p 5

2
Np(Np 2 1) 1 o

1#i#k

Np,i(Np,i 2 1)
2

fp,i,p,i 1 o
1#i?j#k

Np,iNp,j fp,i,p,j2,
zation process and tree life cycle from a theoretical point of
view. We thus modeled colonization for a one-dimensional

where Np,i is the number of individuals in each population pstepping-stone metapopulation (in which seeds and pollen
and each class i, and Np is the total number of individuals inmigrate unidirectionally to the neighboring populations; see
population p. This allows us to calculate the average within-Figure 1A). At the beginning of a simulation, all sites are
population diversity HS by averaging Hp over every populationempty, except for the refuge, within which there is a popula-
in V, the set of populations that are not empty at time t. Intion at demographic and genetic equilibrium (this is obtained
the same way, we can calculate the average probability ofby letting this population evolve alone until it reaches equilib-
identity by descent fp,q for two genes chosen respectively inrium). The total number of sites (d) is 15. Colonization is
populations p and q, p ? q,then one-dimensional and unidirectional. Every 100 years a

new site is opened to colonization, as a consequence of pro-
fp,q 5

1
NpNq

1 o
1#i,j#k

Np,iNq,j fp,i,q,j2.gressive warming, making the total colonization period last
1400 years. Subsequently, we let the populations evolve after
the colonization period until time t 5 5000 years. The average identity by descent fT for two genes chosen in

The second model of colonization is a two-dimensional step- any population is then calculated
ping-stone model (see Figure 1B). Because the process is
highly computer intensive, the total number of populations

fT 5
1

d 2
V

o
p,qPV

fp,q,was set at only 102 (6 along the x-axis times 17 along the y-
axis). We started with three refuge areas. In each refuge there
were 4 populations. Several initial conditions for genetic diver- where dV denotes the number of populations in V. The ex-
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Figure 1.—Schematic repre-
sentation of the 1D and 2D coloni-
zation processes. In both cases, the
arrows indicate the populations
that are connected by gene flow
through seeds and pollen. In the
1D colonization (A), only the first
population is full and at demo-
graphic and genetic equilibrium;
all other populations are empty.
The simulation begins with the
colonization of the second popu-
lation, and one population is colo-
nized subsequently every 100
years. In the 2D colonization (B),
starting from a given value of dif-
ferentiation, the three groups of
four refuge populations drift inde-
pendently, one from another,
over 80,000 years (isolation pe-
riod). Then the whole space is col-
onized in the y direction, one line
of populations every 500 years
(colonization period, which lasts
7000 years). Then, we let the sys-
tem evolve until time t 5 95,000
years is reached (postcolonization
period).

pected global diversity is HT 5 1 2 fT and the expected FST no pollen flow, the foundation event had a very limited
can be deduced using FST 5 1 2 HS/HT. effect: genetic diversity decreases only slightly in the

newly founded populations (Figure 2B). Afterward, it
increased only very slowly. Nevertheless, trees reachedRESULTS
the same equilibrium value as annual plants after several

Evolution of within-population diversity in the one- hundred thousand years (data not shown). There was
dimensional colonization process: For annual plants almost no founder effect and each founded population
(Figure 2A), there was very strong founder effect: diver- retained almost all the diversity of its ancestral popula-
sity in each population decreased substantially during tion. Increasing pollen flows reduced the founder effect
the first generations after each colonization event. A even further (data not shown).
great proportion of diversity was lost due to founder Evolution of among-population differentiation (FST)
effect but was then recovered relatively quickly. Figure in the one-dimensional colonization process: For annual
2A gives the case of no pollen flow. For the case of high plants, FST strongly increased during the colonization
pollen flow, the founder effect was almost of the same period (Figure 3, A–C), followed by a gradual decrease
magnitude, but the recovery of diversity was much faster and again a slow increase toward its equilibrium value.
(data not shown). With Ne 5 1000 and ms 5 0.0002, even in the case of

high pollen flow (mp 5 0.01), FST for nuclear genesFor trees, the situation was very different. Even with
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Figure 2.—Within-popu-
lation diversity of annual
plants (A) and trees (B) for
the first five populations of
the 1D colonization pro-
cess. The founder effect is
much greater for annual
plants than for trees. Param-
eters are as follows: ms 5
0.0002, mp 5 0, Ne 5 1000,
d 5 15.

reached a maximum value of 0.13 (Figure 3A). This even slower toward its equilibrium value, which was the
same for trees and annual plants. Even with no pollenmaximum value was higher when pollen flow decreased:

0.28 when mp 5 0 (Figure 3B). The value was 0.36 for flow, the FST value at the end of the colonization period
was only 0.036, much lower than the final equilibriumcytoplasmic genes (Figure 3C).

For trees, FST for nuclear genes increased only very value. For cytoplasmic genes, the increase in differentia-
tion was slightly larger in the colonization period, yield-slowly during the colonization period. It then increased
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Evolution of among-population differentiation (FST)
in the two-dimensional colonization process: Several fea-
tures appeared when two-dimensional processes were
taken into account (Figure 4).

Nuclear genes: First, FST increased during the isolation
period of 80,000 years. The increase was much stronger
for annual plants in all cases. For example, in Figure
4A, with Ne 5 1000, ms 5 0.0005, and mp 5 0.1, starting
from equilibrium value, FST of nuclear genes only in-
creased from 0.021 to 0.093 for trees during the isolation
period, whereas for annual plants it increased from
0.021 to 0.92, having almost reached equilibrium.

For trees, the rate of increase during this isolation
period depended slightly on pollen flow: if we started
from 0.021, it increased up to 0.093 for mp 5 0.1 during
the isolation period (Figure 4A) and up to 0.12 for
mp 5 0.01 (Figure 4B). The rate of increase of FST during
the isolation period depended much more on popula-
tion effective size (Ne), when the comparisons were
made with the same number of migrants (i.e., the same
values of Nems and Nemmp). For the nuclear genes of
trees, with Nems 5 0.5 and Nemmp 5 10, starting from
the initial equilibrium value of FST of 0.17, FST increased
only to 0.23 in 80,000 years when Ne 5 1000 (Figure
4C), whereas when Ne 5 100 it increased much more,
to 0.63 (Figure 4D).

Second, FST for annual plants decreased during the
colonization period that followed. For trees, it decreased
with high pollen flow (Figure 4A) or low effective popu-
lation size (Figure 4D); otherwise it increased slightly
(Figure 4, B and C). Third, during the postcolonization
period, there was a decrease of FST that was very sharp
in the case of annual plants but smooth for trees. As a
consequence, the FST for annual plants fell quickly below
that of trees. The rate of decrease also depended on
the effective population size, a smaller Ne making FST

decrease much faster. Therefore, FST of annual plants
declined almost immediately below that of trees in the
case of Ne 5 100 (Figure 4D).

Cytoplasmic genes: Concerning cytoplasmic genes (Fig-
ure 4, E and F), with an Nems of 0.5, the equilibrium
value of FST was already very high, .0.8. If we started at
t 5 0 from this value (Figure 4E), the isolation period
brought almost no change for trees, whereas it yielded

Figure 3.—FST plotted against time since the beginning of an increase for annual plants. Then, as for nuclearthe colonization period in the 1D colonization process, for
genes, FST for annual plants fell rather quickly belowtrees (thin lines) and annual plants (thick lines), for nuclear
that of trees.genes (A and B), or maternally inherited cytoplasmic genes

(C). In all cases, d 5 15, ms 5 0.0002, Ne 5 1000. For nuclear However, if we started with an FST of 0.17 (Figure 4F),
genes, the pollen flow mp was, respectively, 0.01 (A) and as for nuclear genes (Figure 4C), even with an Ne value
0.00 (B). of 1000, FST of trees for cytoplasmic genes increased

much more than for nuclear genes during the isolation
period. It increased even more sharply during the colo-ing an FST of 0.07 at the end of the period. Again, this
nization period and then slowly approached the equilib-value was much lower than the equilibrium value. In
rium.all cases the rate of increase of FST decreased during

Comparison with long-living plants with nonoverlap-colonization. The founder effect was decreased for in-
ping generations in the two-dimensional colonizationcreasing fecundity of annual plants, but it remained
process: For a plant with nonoverlapping generationshigher than the one to which trees were subjected (re-

sult not shown). and a generation time similar to that of trees, the isola-
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Figure 4.—FST plotted against time for the 2D colonization process, with 6 3 17 populations (see details in materials and
methods), for trees (thin lines), and annual plants (thick lines). A, B, C, and D represent cases of nuclear genes with different
values of the initial differentiation FST0 (which is in some cases the equilibrium value) and the others parameters. (A) ms 5
0.0005, mp 5 0.1, Ne 5 1000, FST0 5 0.02 (equilibrium value); (B) ms 5 0.0005, mp 5 0.01, Ne 5 1000, FST0 5 0.02; (C)
ms 5 0.0005, mp 5 0.01, Ne 5 1000, FST0 5 0.17 (equilibrium value); (D) ms 5 0.005, mp 5 0.1, Ne 5 100, FST0 5 0.17 (equilibrium
value). E and F correspond to cytoplasmic genes: (E) ms 5 0.0005, Ne 5 1000, FST0 5 0.82 (equilibrium value); (F) ms 5 0.0005,
Ne 5 1000, FST0 5 0.17.
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graphic parameters that have influenced the present
distribution of genetic diversity in forest trees and an-
nual plants. We show that the founder effect can be
dramatically reduced when the life cycle of trees is taken
into account, even with limited pollen flow. Therefore
we did not need to introduce very high levels of pollen
flow to explain the contrast between low differentiation
of nuclear genes and the high differentiation of mater-
nally inherited cytoplasmic genes.

Thanks to the one-dimensional colonization process,
we showed that the founder effect seems to be much
more limited for trees than for annual plants. This can
be explained as follows: when a tree population is
founded, growth for the first several years is because of
new juvenile migrants (seed flow) and not because of
reproduction. Therefore, when the first trees reach re-
productive age in the newly founded population, a non-
negligible part of the space is already occupied by juve-
niles from seeds that arrived years before.

On the contrary, as we had shown in a previous work
(Austerlitz et al. 1997), the first annual plants that
arrive in an empty site can reproduce the next year,
and therefore the offspring of these first occupants have
the opportunity to colonize the whole space. Therefore,
the subsequent loss of diversity is greater for annual
plants than for trees, and the differentiation among
populations is also greater.

We emphasize that the key factor in avoiding the
founder effect of trees species is not overlapping genera-
tions but delayed reproduction, which allows a large
increase in the number of initial founders of a given

Figure 5.—FST plotted against time for the 2D colonization population before reproduction begins. To check this
process with 6 3 17 populations for trees (thin lines) and more directly we made simulations with plants havingplants with nonoverlapping generations and the same genera-

overlapping generations but no juvenile phase, with thetion length as trees (thick lines), with a fecundity f of 3. The
same growth rate and equilibrium effective populationgiven values correspond to nuclear genes with, for A,

ms 5 0.0005, mp 5 0.1, Ne 5 1000, FST0 5 0.02 (equilibrium size. For these plants FST increased as for annual plants
value); and for B, ms 5 0.0005, mp 5 0.01, Ne 5 1000, FST0 5 during colonization (results not shown). Therefore,
0.17 (equilibrium value). even if some life-history traits, like the occurrence of a

seed bank, can have an impact on annual plants similar
to that of overlapping generations (Templeton andtion period had the same impact as on forest trees for
Levin 1979), they cannot reduce the founder effect fornuclear (Figure 5) or cytoplasmic genes (data not
those plants.shown). The colonization period yielded a stronger in-

This process can be observed in well-described exam-crease in FST of nuclear genes for the plant with nonover-
ples of recent colonization events. In a study on Prunuslapping generations than that for the tree species. This
avium, Mariette et al. (1997) showed that a very youngdifference was very low when pollen flow was very high
population (z120 years old) showed almost the same(mp 5 0.1, Figure 5A). It was much higher and remained
level of diversity as a long-established one, and neitherso long after the colonization period was over, when
population was differentiated (GST 5 0.014). This is espe-pollen flow had a lower value (mp 5 0.01, which still
cially interesting because this species is insect-polli-makes Nemmp 5 10, Figure 5B). Again, the founder effect
nated, so that a high level of gene flow through pollendecreased when increasing the fecundity of these plants,
is not expected. Seeds are dispersed at random by ani-but it remained higher than that to which trees are
mals, so the number of seeds per year that fall and aresubjected (results not shown).
able to germinate on a given site is presumably low. In
spite of limited recruitment, the delay in reproduction

DISCUSSION allows genetic diversity to accumulate. A similar pattern
can be observed in Sorbus aucuparia, another entomoph-Our results, which are summarized in Table 1, are

useful for understanding the impact of various demo- ilous tree species, where a recent colonization of a pla-
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TABLE 1

Main results obtained with the different models for diversity within and among populations

Model Life cycle Main results

1D colonization process Trees Low founder effect, low differentiation regardless of the pollen flow
for nuclear and cytoplasmic genes.

1D colonization process Annual plants High founder effect, high differentiation, except with very high pollen
flow for nuclear genes.

2D colonization process Trees Provided pollen flow and effective population sizes are high enough,
cytoplasmic genes differentiate among refuges during the glacial pe-
riod but not nuclear genes. The colonization period does not have
much effect. Therefore, after colonization, the situation is very differ-
ent between nuclear and cytoplasmic genes. The homogenization is
then slow.

2D colonization process Annual plants Both nuclear and cytoplasmic genes differentiate strongly during the
glacial period, regardless of the level of pollen flow. Because FST is
already very high, it falls rapidly during the colonization period and
continues to fall quickly during the homogenization period.

2D colonization process Plants with nonoverlap- Same results as for trees during the isolation period. Strong founder
ping generations and effect during colonization, very slow homogenization afterward; FST

long generation time much higher than for trees at the end, except for very high pollen
flow.

teau in Belgium yielded only a small loss of genetic curs among the refuges. For cytoplasmic genes, on the
other hand, populations within refuges also diverge.diversity (Raspé and Jacquemart 1998).

By contrast, two species of Silene in Hawaii provide This process is accelerated because the effective popula-
tion size for cytoplasmic genes is half that of nucleara good example of the impact of a recent colonization

on genetic diversity and differentiation of perennial genes. Annual plants, because of their short generation
time, have the time to diverge from one refuge to an-species with no juvenile phase (Westerbergh and

Saura 1994). The older populations of these species other for both nuclear and cytoplasmic genes. Effective
population size is a very important parameter; tree ref-clearly show the highest level of internal diversity, and

founder effect is extremely high for populations derived uges have the time to diverge genetically from one an-
other during the glacial period if effective populationfrom recent colonization of lava beds. Also, as expected,

these recent colonizations yield very high levels of FST size is z100 but not if it is z1000. This result is consistent
with results (Slatkin 1991) on the island model, for(0.677). S. alba, which colonized Virginia z200 years

ago, does not show much differentiation for nuclear which the rate of convergence toward equilibrium is
approximately governed by the smaller of 1/Ne andgenes (FST 5 0.13; see McCauley 1994, 1997). This

illustrates how subsequent homogenization can coun- m/d, where Ne is the effective size of the demes, m the
migration rate, and d the number of demes.terbalance initial founder events relatively quickly, the

discrepancy with cytoplasmic genes (FST 5 0.67) coming Provided that tree populations were already only
slightly differentiated for nuclear genes when they en-presumably from the differences between seed and pol-

len flow. tered the refuges and that the effective population sizes
in the refuges were large enough, the tree populationsOur model also helps us to understand the general

pattern of genetic diversity observed on a continental might have maintained this low level of differentiation
throughout the glacial period. Because recolonizationscale for temperate forest tree species: both the differ-

ences with annual plants as well as the opposite patterns does not yield a strong increase in differentiation for
trees, FST would remain relatively low, without invokingof diversity of nuclear and cytoplasmic genes. On this

last point, the two-dimensional colonization process a high level of pollen flow (between 1% and 10% of
pollen coming from the neighbor populations, that is,shows that the differences between these two kinds of

differentiation reflect not only differential gene flow between 20 and 200 times more than seed flow).
One of the most surprising results is the decrease ofduring and after the colonization period, but also the

fact that we have much differentiation between refuges FST during the colonization period for the two-dimen-
sional stepping-stone model for annual plants and alsofor cytoplasmic genes and very little differentiation for

nuclear genes during the isolation period. in some cases for trees. The explanation is probably
that because FST had reached a very high value at theIn this two-dimensional process, pollen flow within

refuges slows down differentiation by drift among the end of the isolation period, the restoration of gene
flow between the refuges in the colonization periodpopulations. Differentiation for nuclear genes only oc-
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overwhelmed the effects of foundation events. Le Corre in temperate areas. Increasing the number of popula-
tions may have increased the effect of colonization onet al. (1997b) found a similar result. The number of

founders of each new population was probably also im- differentiation, but probably not more for trees than
for annual plants. With additional populations, moreportant; other results (Le Corre and Kremer 1998)

have shown that FST can decrease during a colonization time would have been required to reach equilibrium,
especially in a stepping-stone model. This could haveprocess if the number of founders is high enough.

The results obtained for trees are not just a conse- generated a situation in which annual plants would not
have had the time to return to equilibrium, thereforequence of their generation time. Plants with nonover-

lapping generations and the same generation time as explaining in part why they have a high FST.
Several other features could be integrated into thetrees resembled trees in the change in their population

structure during the isolation periods. However, they model. For instance, Le Corre et al. (1997b) have shown
by a simulation study that events of long distance dis-differentiated more during the colonization period

(Figure 5) and did not return to equilibrium within the persal of seeds by birds have to be invoked to explain
the extremely high speed with which forest trees havesubsequent 8000 years, except in the case where pollen

flow was very high. recolonized the whole temperate zone after the last
glacial period. This result agrees with direct observationThe two-dimensional pattern of colonization also

played a major role, increasing the number of source (Bossema 1979; Darley-Hill and Johnson 1981). For
annual species, these long distance dispersal eventspopulations for each newly founded population and

thus strongly reducing the founder effect. Also, when would generate a founder effect that is much greater
than that obtained by a stepping-stone colonization pro-gene flow was high enough (Nm . 1), the rate of conver-

gence was increased in a two-dimensional, compared to cess, some newly founded populations remaining iso-
lated for a long period. It will be of interest to see if treea one-dimensional, stepping-stone model (Maruyama

1971; Slatkin 1991). population dynamics might reduce this high founder
effect. These rare events of long distance dispersal couldAnother important factor is pollen flow. A key indica-

tor of its role is that paternally inherited chloroplasts explain the observation of a very strong differentiation
for chloroplast DNA at a local scale, as pointed out byshow much less differentiation than maternally inher-

ited mitochondria in pines (Latta and Mitton 1997). Petit et al. (1997).
Our results have shown that the level of differentia-Nevertheless, Latta and Mitton show that while mito-

chondrial DNA is very differentiated between coloniza- tion of trees is a consequence of the differentiation that
existed before the last glacial period. The last milliontion lines coming from different refuges (FST 5 0.679),

it is almost not differentiated along a colonization line years have seen cycles of z100,000 years with glacial
periods of 80,000 years, followed by short warm periods(FST 5 0.005), well in agreement with the results of our

one-dimensional colonization model. (Hays et al. 1976; Paillard 1997). There were probably
successive events of isolation followed by colonization.Moreover, explanations based only on high pollen

flow (Ennos 1994) cannot account for the observation Under our hypothesis, one might think that the particu-
lar life cycle of tree species permits them to pass throughthat the FST value for tree species does not depend on

their pollen dispersal ability, because animal-pollinated these successive events without suffering many changes
in the structure of their nuclear gene diversity, whilespecies do not show more differentiation than wind-

pollinated species (Hamrick et al. 1992). On the other the cytoplasmic gene differentiation was more deeply
shaped by the process. In some cases, the effective sizehand, low differentiation can be explained by life cycle,

which does not depend on the level of pollen flow. of the refuges may not have been large enough, yielding
much more among-population differentiation and muchOur model reveals the complementarity of all pro-

cesses. Figure 5 shows that if the tree life cycle was not less within-population diversity (see, for instance, the
case of Pinus pinea described by Fallour et al. 1997).taken into account, a huge level of pollen flow would

be necessary to explain observed differentiation. Never- The loss of diversity through fragmentation has been
observed for some tree species (Billington 1991).theless, with the same level of seed and pollen flow,

nuclear genes’ FST for annual plants falls below that of The method that we developed here is relatively spe-
cific to plant populations, because migration is pre-trees at the end of the process because of the rapidity

of homogenization of annual plant populations (see sumed to occur through pollen and seeds. Nevertheless,
the method could be adapted to the case of animals orFigure 4). Therefore, higher levels of pollen flow or

larger effective population sizes for trees than for annual humans, for which migration can also occur for adults
or whole families. One might expect the same avoidanceplants are also necessary to explain the observed differ-

ences. Additionally, the two-dimensional process ap- of founder effects during colonization for long-lived
species, because even if the first migrants in a newlypears to be a key explanation for the lack of genetic

differentiation. founded population can reproduce immediately, their
descendants will then have to wait for many years beforeBecause the simulation is time intensive, we used a

smaller number of populations than would be realistic being able to reproduce, permitting the population to
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Factors influencing levels of genetic diversity in woody plantbe filled by the arrival of new migrants as in the case
species. New For. 6: 95–124.

for trees, thus limiting the founder effect. Harcombe, P. A., 1987 Tree life tables: simple birth, growth and
death data encapsulate life histories and ecological roles. BioSci-This could help explain the low genetic differentia-
ence 37: 557–568.tion of humans on a worldwide scale, which is rather

Hays, J. D., J. Imbrie and N. J. Shackelton, 1976 Variations in the
surprising, because the colonization of the whole world earth’s orbit: pacemakers of the ice ages. Science 194: 1121–1132.

Huntley, B., 1990 European vegetation history: paleovegetationby humans is probably very recent (Cavalli-Sforza et
maps from pollen data—13000 yr BP to present. J. Quat. Sci. 5:al. 1994) and could have involved major founder effects.
103–122.

Differences between populations account for only 15% Huntley, B., and H. J. B. Birks, 1983 An Atlas of Past and Present
Pollen Maps for Europe: 0–13000 Years Ago. Cambridge Universityof the global diversity (Barbujani et al. 1997; Barton
Press, Cambridge, United Kingdom.1997), whereas the average FST of mammals is z0.242 6

Kremer, A., 1994 Diversité génétique et variabilité des caractères
0.030 (Ward et al. 1992). phénotypiques chez les arbres forestiers. Genet. Sel. Evol. 26

(Suppl. 1): 105–123.We thank Evelyne Heyer, Bernard Jung-Muller, Mark Kirkpatrick,
Latta, R. G., and J. B. Mitton, 1997 A comparison of populationAntoine Kremer, Valérie Le Corre, and Jacquie Shykoff for helpful

differentiation across four classes of gene markers in limber pine
discussions and comments on the manuscript. We thank the associate (Pinus flexiblis James). Genetics 146: 1153–1163.
editor and two anonymous reviewers for helpful comments. We also Le Corre, V., 1997 Organisation de la diversité génétique et histoire
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APPENDIX A cated in the main text.
Regulation in each population occurs as follows. We

denote by Y(t) the vector of the numbers of individuals
in the population that would be potentially recruited APPENDIX B: ITERATION METHOD FOR

COMPUTING THE PROBABILITIES OFin each size class from t to t 1 1 if their was no regulation,
IDENTITY BY DESCENTand by S(t) the vector of the numbers of potential surviv-

ing individuals that remain in each size class during the Migration is defined by two matrices Mseed and Mpoll,
interval t to t 1 1. Y9(t) 5 a(t)Y(t) and S9(t) 5 b(t) which are set according to Figure 2, A or B. Mseed(p,q)
S(t) are the corresponding vectors after regulation. a(t) and Mpoll(p,q) denote the proportion of seeds and pol-
and b(t) are regulation parameters comprised between len, respectively, that arrive in q coming from p. Demog-
0 and 1, which depend on the total stand basal area of raphy behaves as follows for each population p and each
the population G(t); they are adjusted so that G(t) grows class i:
logistically to an equilibrium value.

Np,i(t 1 1) 5 Pc
i,iNp,i(t) 1 Pc

i,i21Np,i21(t) (i . 1),Si(t) 5 PiiNi(t) is the number of potential surviving
trees in size class i during the interval t to t 1 1 and

Np,1(t 1 1) 5 o
d

q51

Nq,k(t)Mc
seed(q,p),the corresponding stand basal area is G(S(t)) 5

Rk
i51GiSi(t), with Gi the stand basal area of a tree of class

where the c superscript denotes in each case the valuesi, S(t) 5 (S1(t), S2(t), . . . , Sk(t)). Y1(t) 5 Rk
i51fiNi(t) is

corrected by density dependence. Thus, if we denotethe number of individuals that are potentially recruited
by Pc(p, i, q, j) the probability for a cytoplasmic gene ofin the first size class, Yi11(t) 5 Pii11Ni(t) is the number
an individual of population p and class i at time t 1 1of trees that potentially pass from size class i to size
to have been in population p and class i at time t, thisclass i 1 1, and the corresponding stand basal area is
probability isG(Y(t)) 5 Rk

i51Gi Yi(t), with Y(t) 5 (Y1(t), Y2(t), . . .,
Yk(t)).

S9(t) and Y9(t) are the corresponding vectors after
regulation and Ni(t 1 1) 5 S9(t) 1 Y9(t). a(t) and

Pc(p,i,p,i) 5
P c

i,iNp,i(t)
Np,i(t 1 1)

Pc(p,i,p,i 2 1) 5
P c

i,i21Np,i21(t)
Np,i(t 1 1)






for whatever p and i . 1,
b(t) are the coefficients of regulation for Y(t) and S(t):
Y9(t) 5 a(t)Y(t) and S9(t) 5 b(t)S(t). DG(t) 5 G(S(t)) 1
G(Y(t)) 2 G(t) is the potential increase of stand basal
area between t and t 1 1 and DG9(t) 5 G(S9(t)) 1

Pc(p,1,p,k) 5
Nq,k(t)Mc

seed(q,p)
Np,1(t 1 1)

for whatever p and q,G(Y9(t)) 2 G(t) is the real increase of stand basal area.
Regulation is introduced by limiting this increase:

Pc(p,i,q,j) 5 0 for any other combinationDG9(t) 5 DG(t)(1 2 G(t)/Geq) with Geq the equilibrium
G for the population. of p,i,q, and j.

This gives only one relation between a(t) and b(t).
Then the IBD for two cytoplasmic genes in any popula-To calculate them completely, another relation has to

be chosen arbitrarily; this will determine the proportion tion and any class can be deduced as
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f c
p,i,p9,i9(t 1 1) 5 o

1#q,q9#d
1#j,j9#k

Pc(p,i,q,j)Pc(p9,i9,q9,j9) half of his genes maternally and half paternally. When
received maternally, the distribution of probability of
origin for this gene is the same as for a cytoplasmic

3 [(1 2 ac
q,q9,i,i9,j,j9)f c

q,j,q9,j9(t) 1 ac
q,q9,i,i9,j,j9], gene. When received paternally, we have to take into

account pollen flow: for whatever population q and s,where ac
q,q9,i,i9,j,j9 denotes the probability that two genes

the proportion of pollen from s in the pollen cloud ofare IBD because one is the parent of the other or that
q isthey both had the same parent at time t,

Ppoll(s,q) 5
Ns,k(t)Mpoll(s,q)

Rd
s951Ns9,k(t)Mpoll(s9,q)ac

q,q9,i,i9,j,j9 5
(1 2 m)2

Nq,k(t)
if q 5 q9 and j 5 j9 5 k and i5 i9 5 1,

and then the probability for an individual of population
p and class 1 to inherit a gene paternally from popula-
tion q and class k will beac

q,q9,i,i9,j,j9 5
1 2 m

Nq,k(t)
and





i 5 1, i9 5 k, j 5 k, j9 5 k

or

i 5 k, i9 5 k, j 5 1, j9 5 k

,

Ppat(p,1,q,k) 5 o
d

s51

Pc(p,1,s,k)Ppoll(s,q).
ac

q,q9,i,i9,j,j9 5 0 otherwise,
Altogether

where m denotes the mutation rate.
When reproduction is not involved, nuclear genes Pn(p,1,q,k) 5

Pc(p,1,q,k) 1 Ppat(p,1,q,k)
2

.
behave like cytoplasmic genes. Thus, if we denote by
Pn(p, i, q, j) the probability for a nuclear gene of an

Then as above,individual of population p and class i at time t 1 1 to
have been in population q and class j at time t, this f n

p,i,p9,i9(t 1 1) 5 o
1#q,q9#d
1#j,j9#k

Pn(p,i,q,j)Pn(p9,i9,q9,j9)
probability is

Pn(p,i,q,j) 5 Pc(p,i,q,j) 3 [(1 2 an
q,q9,i,i9,j,j9)f n

q,j,q9,j9(t) 1 an
q,q9,i,i9,j,j9],

for whatever p,q,j and whatever i . 1.
where an

q,q9,i,i9,j,j9 is the same as ac
q,q9,i,i9,j,j9 except that Nq,k(t)

is replaced by 2Nq,k(t).For the juvenile class (i 5 1), an individual inherits


