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BAKER'S LAW REVISITED: REPRODUCTIVE ASSURANCE IN A METAPOPULATION 

JOHN R. PANNELL1 AND SPENCER C. H. BARRETT 
Department of Botany, University of Toronto, 25 Willcocks Street, Toronto, Ontario, MSS 3B2, Canada 

Abstract.-Baker's Law states that it is more likely for self-compatible than for self-incompatible individuals to establish 
sexually reproducing colonies after long-distance dispersal, because only the former can do so with a single individual. 
This hypothesis, proposed by H. G. Baker 40 years ago is based largely on the observation that self-compatibility is 
particularly frequent among colonists of oceanic islands. Here we argue that the principle of Baker's Law applies 
equally in the context of a metapopulation in which frequent local extinction is balanced by recolonization of sites 
by seed dispersal: metapopulation dynamics will select for an ability to self-fertilize. We review several studies that 
support this hypothesis and present a metapopulation model in which the seed productivity required by obligate 
outcrossers for their maintenance in a metapopulation is compared with that of selfers. Our model also estimates the 
reduction in the advantage of reproductive assurance to selfers as a result of perenniality and seed dormancy. In 
general, selection for reproductive assurance is greatest when the colony occupancy rate, p, is low and is much reduced 
when p approaches its maximum. This provides an explanation for the observation that many highly successful 
colonizers, in which p is often high, are self-incompatible. The basic model we present also lends itself to comparisons 
of metapopulation effects between unisexuality and cosexuality and between different modes of self-incompatibility. 
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Received June 16, 1997. Accepted February 24, 1998. 

It has been 30 years since Baker (1967) reemphasized in 
these pages the significance of what Stebbins (1957) had 
termed "Baker's Law," namely, that it is more likely for self- 
compatible than for self-incompatible individuals to establish 
a sexually reproducing colony after "long-distance" dis- 
persal, because only the former can do so with a single in- 
dividual (Baker 1955, 1967). Although writing as a botanist, 
Baker's attention was drawn to the principle that now bears 
his name after noting similarities in colonization strategy 
between plants and the Notostracan invertebrates described 
by Longhurst (1955). The Notostraca are freshwater shrimps 
that inhabit ephemeral pools and whose dormant eggs are 
dispersed by wind or animals in much the same way as seeds. 
They are ancestrally dioecious, with derived hermaphrodit- 
ism hypothesized to have been selected through the winnow- 
ing effects of long-distance dispersal. Baker (1967) noted 
that in animals "autogamous hermaphroditism provides the 
mechanism for ready establishment," whereas in plants 
"apomixis and purely vegetative reproduction are also avail- 
able to replace self-incompatible hermaphroditism (and mon- 
oecism) or dioecism." 

Evidence for Baker's Law has been drawn largely from 
comparative studies documenting a higher frequency of self- 
compatible relative to self-incompatible plant species on oce- 
anic islands (Baker 1955, 1967; McMullen 1987; Webb and 
Kelly 1993; but see Carr et al. 1986), and the term has perhaps 
been most widely used in this context. To illustrate the pro- 
cess envisaged as underlying this floristic trend, Baker (1967) 
cited intraspecific variation in Armeria maritima, a self-in- 
compatible plant in Europe that presumably lost its hetero- 
morphic self-incompatibility system during migration to the 
New World. Other instances of this process include the evo- 
lution of selfing via homostyle formation in island popula- 
tions of heterostylous Turnera ulmifolia and Eichhornia pan- 

1 Present address: Institute of Cell, Animal, and Population Biology, 
Division of Biological Sciences, University of Edinburgh, King's 
Buildings, Edinburgh EH9 3JT, United Kingdom; E-mail: 
john.pannell@ed.ac.uk. 

iculata (Barrett and Shore 1987; Barrett et al. 1989) and the 
geographical distribution of heterostylous and homostylous 
forms in Amsinckia spectabilis (Ganders 1975). Common to 
these and other similar examples (for references, see Barrett 
1996) has been the hypothesized selection of selfing as a 
means to assure reproductive success in the absence of mating 
partners (i.e., a corollary of the Allee effect; Allee et al. 
1949). Darwin (1876) proposed that such reproductive as- 
surance was the main selective force for the evolution of 
selfing in plants. 

Functionally, both unisexual and self-incompatible colo- 
nists are similarly constrained in their inability to found col- 
onies. In addition to the contrast between unisexuality and 
hermaphroditism in the Notostraca that Baker (1955) cited 
in support of his hypothesis, he also noted several cases from 
the plant kingdom (and see Cox 1989). For example, pop- 
ulations of Fragaria chiloensis are dioecious along the Pacific 
Coast of North and South America but are hermaphroditic 
in Hawaii (Baker 1967). A similar shift from gynodioecy to 
cosexuality accompanied long-distance colonization of Tahiti 
from New Zealand in Fuchsia cyrtandroides (Sytsma and 
Smith 1991). The ruderal Mercurialis annua is another di- 
oecious species in which self-compatible bisexuality (mon- 
oecy) has evolved in regions where selection for reproductive 
assurance is highest (Pannell 1997a). Significantly, in each 
of these cases cosexuality seems derived from sexual di- 
morphism, which is the reverse evolutionary pathway to what 
is commonly assumed or modeled for angiosperms (Char- 
lesworth and Charlesworth 1978; Bawa 1980; Bull and Char- 
nov 1985; but see Lloyd 1972). 

Although Baker emphasized long-distance dispersal to 
oceanic islands, the distance over which the dispersal event 
occurs is essentially unimportant. Indeed, Baker's Law more 
generally invokes the importance of reproductive assurance 
in selecting for self-fertilization in colonizing plants and an- 
imals. Solitary selfers will always be more successful than 
obligate outcrossers in founding new colonies, and thus we 
should generally expect selfing to be selected in species that 
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frequently colonize new sites (Lloyd 1980). Despite wide- 
spread reference to the significance of reproductive assurance 
(e.g., Lloyd 1979; Schoen et al. 1996), there has been little 
attempt to formalize the concept or quantify the selective 
advantage invoked by Baker's Law. This lack of attention 
contrasts with other well-established predictions regarding 
mating-system evolution, such as the 3/2 transmission ad- 
vantage enjoyed by selfers (Fisher 1941), the 1/2 threshold 
in the value of inbreeding depression below which self-fer- 
tilization should be selected (Lloyd 1979), or the relations 
derived for the effects of pollen discounting in partially self- 
ing plants (Holsinger et al. 1984). 

Baker (1955) stated his hypothesis verbally, suggesting 
that successful colonization of new sites by selfers would be 
"much more likely" than that by outcrossers. His subsequent 
reemphasis of the significance of his hypothesis a decade 
later was largely in response to Carlquist's (1966) assertion 
that the disadvantage suffered by unisexual or self-incom- 
patible colonists was "probably more imaginary than real." 
How significant is Baker's Law? Here, we quantify the ad- 
vantage of reproductive assurance implied by Baker's Law 
by asking how fertile an obligate outcrosser must be relative 
to a selfer to compensate for its inability to found new col- 
onies by single seeds. Specifically, we compare the number 
of seeds that outcrossers must produce and disperse relative 
to selfers for their maintenance in a metapopulation at the 
same site-occupancy levels. 

There has been much recent interest in the ecological 
and genetic consequences of frequent colony extinction 
and recolonization (e.g., McCauley 1993; Hastings and 
Harrison 1994; Husband and Barrett 1996; Hanski and Gil- 
pin 1997; Ingvarsson 1997; Ronce and Olivieri 1997; Whit- 
lock and Barton 1997), but surprisingly little attention has 
been focused on the effects of metapopulation dynamics 
on mating-system evolution (but see Barrett and Pannell 
1998). The few studies that have addressed this issue in- 
clude a metapopulation model developed to explain vari- 
ation in female frequencies in gynodioecious populations 
of Thymus vulgaris in terms of recurrent extinction and 
recolonization, focusing on the mismatching of cytoplas- 
mic male sterility factors with nuclear fertility restorers 
(Couvet et al. 1986; Gouyon and Couvet 1987; Belhassen 
et al. 1989). In two different models, Holsinger (1986) and 
Ronfort and Couvet (1995) studied the maintenance of in- 
termediate outcrossing rates in structured populations with 
seed dispersal among subpopulations, and J. R. Pannell 
and S. C. H. Barrett (unpubl. data) have considered the 
maintenance of a selfing-outcrossing polymorphism under 
the influence of drift and metapopulation dymanics. How- 
ever, none of these studies has dealt with the effects of 
reproductive assurance. 

Pannell (1997b) demonstrated the effects of local extinc- 
tion and recolonization on the maintenance of cosexuality 
versus unisexuality in a model that explicitly recognized the 
advantage enjoyed by hermaphrodites over unisexuals in col- 
onizing unoccupied sites. While he drew attention to the se- 
lective advantage of self-compatible relative to self-incom- 
patible cosexuals in a metapopulation, his models confined 
themselves to comparisons between unisexuals and these two 
reproductive modes (Pannell 1997b). Here, following Baker's 

emphasis, we focus specifically on the difference in repro- 
ductive assurance between selfing and outcrossing cosexuals. 
Our approach is to consider the effect of recurrent colony 
extinction and recolonization on the maintenance of out- 
crossers in a metapopulation and to compare it with that on 
a metapopulation of selfers. The model thus differs funda- 
mentally from those cited above in that we are not concerned 
with the maintenance of selfers and outcrossers together in 
a metapopulation, nor do we seek conditions for the invasion 
of one mating strategy into a metapopulation comprised of 
the other. Such considerations would require complicating 
assumptions regarding the inheritance of the mating system 
and rates of gene transfer between outcrossers and selfers 
and are beyond the scope of the present model; they have 
been dealt with, in part, in a related model elsewhere (J. R. 
Pannell and S. C. H. Barrett, unpubl. data; and see Discus- 
sion). 

We first presernt a basic model of a metapopulation com- 
prising annual plants without a seed bank. We then extend 
this model to address the effects of a perennial life history 
and seed dormancy on the advantages of reproductive as- 
surance possessed by selfers relative to outcrossers. Peren- 
niality is likely to be important in the colonization of new 
sites, because colonists that fail to reproduce during the first 
year through lack of suitable mates may mate and reproduce 
in subsequent years with the accumulation of further immi- 
grants. Such a process has been implicated in the colonization 
of islands by long-distance dispersal of outcrossing perennial 
hermaphrodites (Baker and Cox 1984; Bohle et al. 1996). 
The accumulation of dormant individuals in seed banks, 
which tend to be particularly common in plants inhabiting 
ephemeral environments (Cohen 1966, 1967), ensure the sur- 
vival of individuals during years unsuitable for colony 
growth. Both perenniality and seed dormancy thus reduce the 
extinction rate of colonies across the metapopulation, as well 
as increase the proportion of occupied sites (Kalisz and 
McPeek 1993). As our models show, levels of site occupancy, 
colony extinction rates, and colonization rates act together 
in determining the selective regime at the metapopulation 
level and are jointly important in influencing the relative 
advantage of reproductive assurance. 

THE MODEL 

Consider a metapopulation consisting of an infinite array 
of occupied and vacant sites, and assume that its dynamics 
occur as follows. (1) Seeds immigrate into individual sites 
across the metapopulation. We assume an "island model" of 
migration, such that immigrant seeds to each site are drawn 
randomly from the metapopulation as a whole; that is, we 
adopt a "migrant pool" model of immigration (Slatkin 1977). 
Let B be the rate of colonization occurring as a result of 
immigration into unoccupied sites, and let us assume that 
once a site has been colonized, further immigrants into it will 
have negligible effect on the colony's size. (2) Following 
seed dispersal across the metapopulation, a proportion E of 
the sites experiences conditions unsuitable for the mainte- 
nance of a colony. If we first assume that seeds are unable 
to persist in a seed bank during such years, then E can be 
regarded as the colony extinction rate. (3) Finally, mature 
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plants in extant colonies mate and produce seeds. A fixed 
proportion of these seeds contributes to the migrant pool. Let 
p be the proportion of occupied sites at this stage in the 
metapopulation cycle, that is, after extinction events have 
occurred and during the colony growth, reproduction, and 
dispersal phases of the colony. 

At metapopulation equilibrium, p will be static from one 
year to the next. This means that the proportion of occupied 
sites at the end of stage 2 will not differ from year to year. 
If p and p' are the proportion of occupied sites in years t and 
t + 1, respectively, then, for a metapopulation with no seed 
bank, 

p' = [p + (1 -p)B](1 -E). (1) 

Setting p = p'or for equilibrium gives us 

(1 - E)B 
P (1 - E)B + E (2) 

(Note that Pannell [1997b] incorrectly assumed that E = B 
at metapopulation equilibrium; the correct expression for that 
model is E = B[1 - p]lp.) We consider a site to be colonized 
when the number of founding individuals (i.e., immigrant 
seeds) is sufficient for reproduction to occur. This condition 
allows us to contrast the implications of self-fertilization ver- 
sus outcrossing. In a metapopulation of selfers, a single in- 
dividual is sufficient to establish a new colony, whereas at 
least two outcrossers are required for colonization. In general, 
let the minimum number of immigrants for colony estab- 
lishment be m; m might be greater than two if mating success 
is density-dependent, that is, m can be taken to quantify an 
Allee effect. Let I be the mean number of immigrants to each 
site per generation, and let their actual number in any instance 
follow a Poisson distribution with this mean. Then, because 
m or more seeds will be sufficient to establish a new colony 
in the metapopulation, the colonization rate in a metapopu- 
lation of plants with an annual life history and no seed bank 
is given as 

00 00 ~~In 
B= , P(I, n) = E (3) 

n=m n=m n!e 

As implied above, I will be proportional to the number 
of seeds produced per site, averaged across the metapo- 
pulation. This is simply the expected number of seeds at 
the end of the reproductive season in any extant site, N, 
multiplied by the proportion of sites with reproductive in- 
dividuals, p. Thus 

I = RpN, (4) 

where R is a constant of proportionality describing the frac- 
tion of seeds dispersed and the level of connectedness be- 
tween sites. Let N(t, n) be the number of seeds produced in 
a colony at time t years after its establishment by n seeds, 
and let Q(n) be the probability that exactly n seeds first es- 
tablished the colony. If N, is the expected number of seeds 
in an extant colony aged t generations, having been founded 
by n ' m seeds at t = 0, then 

IV = E N(t, n)Q(n). (5) 
n=m 

Summing over the distribution of colony ages, E(1 - E)t, 
gives us Kt. Thus 

N = E NR(1 - E)t, 
t=1 

= , N(t, n)Q(n)E(l - E)t. (6) 
t=l n=m 

Notice that we sum over t 2 1 because only colonies that 
have survived to their first reproductive season contribute 
any seeds to the metapopulation. 

Let us assume that N(t, n) is given by the population growth 
equation 

N(t, n) 
K 

(7) 1 + Ce-At' 

where K is the site's maximum carrying capacity, C and A 
are functions of n and r, and r is the intrinsic rate of increase 
of a population after its establishment but before crowding 
affects its growth (i.e., when N is still small relative to K); 
r can be taken to be an index of individual fitness. The curve 
of N(t, n) is sigmoidal, with an initial value, when t = 0, of 
n, and an approach to K with increasing t. By substituting t 
= 0 and N(O, n) = n into equation (7), we obtain 

K 
C=-- 1. (8) 

n 

A is found by letting N(1, n) = rn and rearranging terms 
after substitution into equation (7); thus 

A = (K-rn) (9) 

Notice that we have not taken explicit account in these equa- 
tions of the fraction of seeds dispersed from each colony to 
the migrant pool. Instead, we assume that the fraction of seeds 
dispersed from each colony is in excess of, and in proportion 
to, N, and that this fraction is accounted for in the constant 
R in equation (4). 

Finally, Q(n) is the truncated Poisson probability that 
exactly n seeds establish a site when the mean number of 
immigrants is I and the Poisson distribution is truncated 
at m - 1. Q(n) sums to unity over n ' m and has the 
distribution 

_ P(I, n) P(I, n) (10) 

E P(I, j) 
j=m 

Baker's Law contrasts the ability of selfers to found new 
colonies after a dispersal event, relative to that of outcrossers. 
In terms of our model parameters, this is analogous to the 
contrast between a species for which m = 1 (a selfer) and 
one for which m > 1 (an outcrosser). It will be intuitive that 
for outcrossers and selfers to be maintained in a metapopu- 
lation at equivalent site occupancy levels, p (and thus with 
equivalent colonization rates, B), the mean number of im- 
migrants, I, will have to be higher for outcrossers than for 
selfers. This is simply because in a metapopulation of out- 
crossers colonization will be unsuccessful whenever the num- 
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ber of immigrants is less than m, and this effect must be 
compensated for by increased I. 

As equations (4) and (6) make clear, for any given E, p, 
and R (which we will keep constant for our comparisons 
between selfer and outcrosser metapopulations), I depends 
on both N(t, n) and Q(n). Note that because Q(n) is a func- 
tion of I itself, equation (4) is a recursion. Note also that 
N(t, n) is a function of r, the number of seeds produced 
by an individual before density effects are felt (eqs. 7 and 
9), and so r too must be found by solving a recursion 
numerically. We used a recursive algorithm to find values 
of r and I for a range of E, p, R, K, and m, such that 
equations (2), (3), and (4) were satisfied. Comparing these 
values between m = 1 and values of m > 1 gives us an 
estimate of the advantage of reproductive assurance. In 
particular, the ratio r(m > 1)Ir(m = 1) tells us how much 
more fecund an outcrosser must be than a selfer to com- 
pensate for the disadvantage of not being able to colonize 
new sites with single seeds. 

The Effect of Life History 

Consider now a metapopulation comprising plants that 
survive for more than one growing season. We might ex- 
pect such perenniality to mitigate against the lack of re- 
productive assurance in outcrossers, because plants that 
fail to reproduce during the season in which they arrive at 
a new site might still mate with immigrants that reach the 
site in subsequent years. In this section, we seek to quantify 
the extent to which perenniality reduces the advantage of 
reproductive assurance in a metapopulation. Let g be the 
number of seasons that a plant survives after it has estab- 
lished at a new site (g = 1 for the annual life history 
modeled above). We assume that once established at a site 
at the beginning of the colony's first year (i.e., when t = 
0), a plant has g opportunities to reproduce and that the 
plant dies when t = g. As before, once mated, each plant 
produces r viable seeds in recently established colonies. 
We further assume that a failure to reproduce during one 
season, due to an absence of mating opportunities, does 
not affect the value of r over subsequent seasons of the 
plant's life. 

The colonization of an empty site requires the immi- 
gration of n ' m plants, either simultaneously when t = 
O or cumulatively over a maximum of g years. Let ki be 
the number of seeds to reach a site at t = -i (i.e., at i years 
prior to the ultimate establishment of a reproductively vi- 
able colony). Then the probability of colonization, B, is 
just the probability that ko ' m seeds reach a site at t = 
O (as before), plus the probability that u = glki < m 
seeds immigrate during previous seasons, given that these 
u (reproductively unsuccessful) immigrants do not die 
through colony extinction prior to t = 0 and that ko > m 
- u seeds immigrate at t = 0. Note that we constrain u to 
be less than m because u m would mean that a colony 
had become reproductively viable at t < 0, contrary to our 
adopted convention. Using the notation introduced in the 
previous section, we thus have 

oo ~~m-1 00 

B P Q (, ko,) + E E P(I, ki)(1 -E)P(I, ko) 
ko=m kj=1 ko=m-kl 

m- Im-k2-1 00 

+ E E E P(I, k2)P(I, k1)(1 - E)2P(I, ko) 
k2=1 kj=O kO=m-kj-k2 

m- I m-k -1 m-k k3 00 

+ 7 f I E P(I, k3)P(I, k2)P(I, ki) 
k3=1 k2=O kj=O kO=m-kj-k2-k3 

X (1 - E)3P(I, ko) +..., (11) 
where the first, second, third, fourth . .. terms account for 
the probability that the first contributors to the colony, which 
becomes reproductively viable at t = 0, immigrated at t = 
0, -1, -2, -3, . . ., respectively. Because immigrants that 
arrive at a site before t = 1 - g will have died before the 
colony becomes reproductively viable, we include only the 
first g terms in our summation. 

As in the previous section, I = RpN (eq. 4). We assume 
that colonies grow as described above in equations (7) to (9), 
noting that n now equals u + ko. In particular, we retain r as 
the intrinsic rate of increase of a colony before density effects 
are felt. For r greater than about two, r will approximate the 
seed productivity of reproducing individuals and the effects 
of colony age structure can be reliably ignored. Retension of 
r and the colony growth equations also allows us to estimate 
the effect of perenniality on reproductive assurance itself, 
without the confounding influences of colony growth dynam- 
ics (see Discussion). 

To complete our model, we need to calculate Q(n). In the 
previous section, Q(n) was simply the truncated Poisson 
probability that exactly n seeds reach a site simultaneously, 
with n ' m and the Poisson distribution truncated at m - 1 
(equation 10). Allowing for perenniality, we must account 
not only for the possiblity that n ' m seeds immigrate si- 
multaneously, but also that some seeds immigrated in pre- 
vious seasons and have survived to mate until the colony 
becomes reproductively viable. Therefore, following equa- 
tion (11) and by analogy with equation (10), we see that Q(n) 
will have the distribution 

1 1 m-1 
Q(n) -P(I, n) + - E P(I, kj)(1-E)P(I, n-kl) B Bkj=1 

1 r-i m-k2-1 

+-E E P(I, k2)P(I, kj)(1 -E)2 B k2=1 kj=O 

1 m-i1 m-k3-1 m-k2-k3 
? P(I, n- k - k2) + - E E E P(I, k3) B k3=i k2=O kj=O 

X P(I, k2)P(I, kj)(1 - E)3P(I, n - k, - k2- k3) 

+ ...; (12) 
Q(n) sums to one over n ' m, as required. 

We used the B and Q(n), as modified above, and employed 
the same recursive calculations used as in the previous section 
to find values of r and I for a range of E, p, R, K, m, and g, 
such that equations (2), (4), and (11) were satisfied. 

The Effect of a Seed Bank 
We finally consider an annual life history in which seeds 

that do not germinate at the beginning of one growing season 
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may survive to germinate in later seasons. The case of a 
perennial life history with a seed bank is not considered 
explicitly, though see the Discussion section. Assume that E 
is the probability that the site experiences a "bad" year, and 
that therefore the probability of a "good" year is 1 - E. In 
good years, all seeds in the seed bank germinate and reach 
reproductive maturity, while in bad years, no seeds germi- 
nate. Seeds survive for a maximum of d years in the seed 
bank, such that after d bad years the colony goes extinct. 
Local colony extinction is thus the result of at least d con- 
secutive bad years, and the probability of extinction is thus 
Ed. 

As before, we choose to count extant colonies during the 
phase of plant growth and reproduction, except that now some 
sites will be occupied by a seed bank. If p and p' are the 
proportion of sites occupied in years t and t + 1, respectively, 
then 

p' = p + (1 -p)B(l -E) -pEd, (13) 

and at metapopulation equilibrium 

(1 - E)B 

P (1-E)B + Ed (14) 

Here, p includes sites in which colonies exist as a dormant 
seed bank and that therefore do not contribute seeds to the 
migrant pool. Let q be the proportion of sites with repro- 
ductive colonies only (i.e., colonies experiencing good 
years), then 

(1 - E)B 
(1 -E)B + E (15) 

q will be the proportion of sites that contribute seeds to the 
migrant pool, so that the mean number of immigrants to each 
site, I, is now given by 

I = RqN. (16) 

The accumulation of a seed bank will increase the probability 
of colonization, B, in a way similar to the effect of peren- 
niality. In fact, equation (11) for the probability of coloni- 
zation of a perennial colony can be applied for our present 
purposes by modifying it in two ways. First, we replace the 
term (1 - E) for the probability of colony survival with E, 
the probability of a bad year. This is because the seed bank 
can only accumulate through immigration over a sequence 
of locally bad years; good years would cause the seeds to 
germinate, but with n < m all plants would die without re- 
producing. We need also to alter the ranges over which terms 
are summed in the calculation of B. For the case of peren- 
niality, we considered only the sum of probabilities that fewer 
than m seeds had reached a colony prior to its establishment 
at t - 0; that is, the immigration of a total of at least m seeds 
was required for colonization at t = 0, but not before. In 
contrast, where seeds can accumulate in a seed bank, we 
permit any number of seeds to reach a site prior to its year 
of colonization, provided that these immigrations coincide 
with bad years so that the colony does not yet comprise 
mature plants. Thus we have 

OD OD n-I 

B = , P(I, n) + , , P(I, k1)bP(I, n-kl) 
n=m n=m k1=1 

OD n-I n-k2-1 

+ , P(I, k2)P(I, k1)b2P(I, n - k- k2) 
n=m k2=1 k1=O 

oo n-I n-k3-1 n-k3-k2-1 

+ E E E E P(I, k3)P(I, k2)P(I, k1) 
n=m k3=1 k2=? k1=O 

* b3P (I, n- k- k2- k3) + ...,(17) 

where the first, second, third, fourth, . . . terms are analogous 
to those in equation (11), and n is the total number of seeds 
arriving at a site during a given year. Note that we include 
only the first d terms in our summation. Q(n) is modified 
similarly. 

What is now the expected number of seeds produced by 
an extant colony? It will be convenient to consider colonies 
here not in terms of their absolute age, t, but in terms of the 
number of good years they have experienced since they were 
established, v. We therefore have 

Nv= N(v, n)Q(n), (18) 
11m 

where N(v, n) has the same shape as N(t, n) above. To cal- 
culate N, we need Q(n) as well as the probability that a site 
actually survives for v good years and then goes extinct. The 
latter probability is given by 

(1 - b) , bi bd = (1 - bd)vbd. (19) 
i=o/ 

This is just the age distribution of colonies, with "age" 
counted as the number of good years a colony experiences 
and during which it actually grows (a colony aged v good 
years may be up to a maximum of vd years of age in total). 
Summing Nt over this distribution gives us N: 

OD 

N = > NJ1 - bd)vbd. (20) 
v=1 

Once again, we calculated I and r for a range of values of 
E, p, R, K, m, and d such that, this time, equations (2), (14), 
and (17) were satisfied. 

RESULTS 

Annual Life History 

The maximum proportion of occupied sites in a metapo- 
pulation equals 1 - E when B = 1. Thus maximum site 
occupancy is independent of the mean number of immigrants 
per generation (Fig. 1). I must increase rapidly for this max- 
imum to be approached, though the increase is substantially 
more rapid for outcrossers than for selfers (cf. Figs. la and 
lb). Increases in E reduce maximum p (cf. eq. 2) and increase 
the value that I must attain for the maintenance of the me- 
tapopulation at p. Of particular interest is the value of I as 
p approaches zero, that is, as the metapopulation is brought 
closer and closer to the brink of global extinction. In a selfing 
metapopulation (m = 1; Fig. la) I converges rapidly toward 
zero, whereas in an outcrossing metapopulation (m = 2; Fig. 
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FIG. 1. Model of an annual life history with no seed bank: the 
mean number of immigrants per site, I, required for the maintenance 
of a metapopulation over a range of site occupancy levels, p. Results 
are given for a metapopulation (a) of selfers, where a single seed 
is sufficient for colony establishment (m = 1) and (b) of outcrossers, 
where at least two seeds are required for colony establishment (m 
= 2). E denotes the probability of colony extinction. K = 10,000 
and R = 0.01. 

lb) I remains relatively high and does not converge to zero 
for finite r. 

This qualitative difference in the behavior of the model 
for selfers and outcrossers is more clearly illustrated in Figure 
2. The most striking difference between selfers and outcros- 
sers is that as p approaches zero, r converges to a finite value 
for selfers, whereas for outcrossers r approaches infinity. This 
means that whereas selfers can be maintained in a metapo- 
pulation at very low site-occupancy levels, a metapopulation 
of outcrossers is much more likely to go extinct if site-oc- 
cupancy levels fall too low. With increasing E, r must increase 
for both selfers and outcrossers, especially as p approaches 
its maximum (Fig. 2). 

Most of the curves in Figure 2 were plotted for R = 0.01 
and K = 10,000. However, increasing R, the connectivity 
between sites, or K, the site carrying capacity, reduces r (see 
annotated curves in Fig. 2). This is because both R and K 
regulate the numbers of seeds that will be available for mi- 
gration between sites; R does so directly and K does so by 
altering the total number of individuals in the metapopula- 
tion. r is more sensitive to changes in K for low E, because 
high extinction rates reduce the probability that a colony will 
ever reach the carrying capacity of a site (results not shown). 

As noted above, the ratio r(m > l)r(m = 1) quantifies the 

1 0d 
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Proportion of occupied sites (p) 
FIG. 2. Model of an annual life history with no seed bank: the 
intrinsic rate of increase of colonies before the negative effects of 
density are felt, r, required for the maintenance of a metapopulation 
with proportion p of sites occupied. (a) Metapopulation of selfers; 
m = 1. (b) Metapopulation of outcrossers; m = 2. E denotes the 
probability of colony extinction. Except for the curves indicated, 
K = 10,000 and R = 0.01. 

advantage of reproductive assurance implied by Baker's Law. 
This ratio increases with increasing E and m (Fig. 3). That 
is, the importance of reproductive assurance increases with 
increasing colony turnover and as the Allee effect becomes 
more marked. Significantly, both these effects are enhanced 
with smaller p, although with larger E the ratio always re- 
mains relatively high. As p approaches zero, the ratio ap- 
proaches infinity. Thus the advantage of reproductive assur- 
ance intensifies dramatically when metapopulation site oc- 
cupancy levels are low, even when the colony turnover rate 
(or E), is low. 

Perennial Life History 

Because perenniality increases the colonization rate by al- 
lowing colonists to accumulate over successive years, out- 
crossing annuals must produce and disperse more seeds than 
outcrossing perennials to persist in a metapopulation at equiv- 
alent site-occupancy levels (Fig. 4). This is particularly true 
when E and m are high and when p is low. The advantage 
of greater perenniality (i.e., increases in g) is most apparent 
when p is low and vanishes when site-occupancy levels ap- 
proach their maximum (Fig. 4). Finally, when m = 1 (i.e., 
for selfers), there is no advantage at all in being perennial; 
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FIG. 3. Model of an annual life history with no seed bank: the 
seed productivity required by outcrossers for their maintenance in 
a metapopulation at site occupancy, p, relative to that of selfers; 
the ratio of r for outcrossers (in> 1) to r for selfers (mn = 1). Curves 
for mn = 2, 3, 4, and 5 are given. E denotes the probability of colony 
extinction. K = 10,000 and R = 0.01. 

the relative seed productivity is unity for all possible values 
of pr F, and g (results not shown). 

The Effect of a Seed Bank 

The presence of a seed bank reduces the advantage of 
reproductive assurance in a metapopulation. This reduction 
is in general much greater than that brought about through 
perenniality (Table 1). When p is close to its maximum, in- 
creases in d strongly reduce the seed productivity required 
by outcrossers for their maintenance in the metapopulation 
relative to selfers (Fig. 5). Thiis s particularly true when m 
is high. When p is low and m is high, it becomes increasingly 
difficult for outcrossers to be maintained in the metapopu- 
lation (note that the curve for m = 5 crosses that for m = 2 
in Fig. Sb). This is because with low p, very few sites will 
be occupied by reproductively mature plants capable of con- 
tributing plants to the migrant pool. As a result, the seed 

1.5 1 \ (a)m =2 

= 1.4 t. 
g= 

= '. ~~~~~~~~~~~~~~~ ........ ....... g=2 

; 1.2 E E.0.50 

E 0.10 ~ ................................................................. 
> 1.0 ' I 1 I I I , I 1.0 

oi 40 
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o 3.5 
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212.0 

~1.5 E= 0.10 
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Proportion of occupied sites (p) 
FIG. 4. Model of a perennial life history with no seed bank: the 
seed productivity required by annuals for their maintenance in a 
metapopulation at site occupancy, p, relative to that of perennials 
with life expectancy, g, of two and five years. Curves are given for 
outcrossers with (a) m = 2 and (b) m = 5. E denotes the probability 
of colony extinction. K = 10,000 and R = 0.01. 

output of these few growing colonies must be that much 
higher if the metapopulation is to be maintained. The results 
presented in Figure 5 are for E = 0.5. We should expect 
qualitatively similar curves for lowerp, but these values were 
not calculated because the presence of seed dormancy dra- 
matically reduces the extinction rate and thus skews the col- 
ony age distribution to the right, thereby increasing compu- 
tation time for the summations in equations for B, Q, and N. 

The proportion of occupied sites in the metapopulation, p, 
generally increases when individuals are able to persist in a 
seed bank during bad years (i.e., when d > 1) particularly 
when B and E are low and when d is high (Fig. 6a-c). With 
d = 5, almost all sites will be occupied in a metapopulation, 
even when E is as high as 0.4 (or greater if colonies are 
recolonized frequently) (Fig. 6b). With very long-lived seed 
banks (d = 50), the metapopulation is fully occupied unless 
E is near unity, a pattern that is relatively insensitive to the 
value of B (Fig. 6c). The proportion of sites that are occupied 
only by a viable seed bank (i.e., p - q) tends generally to 
be highest for intermediate values of E. This peak is skewed 
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TABLE 1. Comparison of models for life history and seed bank: the relative seed productivity required for the maintenance of colonies 
at two levels of site occupancy, p = 0.4, and p = 0.01. Results are given for four levels of perenniality (g = 2, 3, 4, and 5) and four 
levels of seed bank survivorship (d = 2, 3, 4, and 5) and are calculated relative to the seed productivity required by plants with an 
annual life history with no seed bank (*), both for selfers (m = 1) and for outcrossers with different intensities of the Allee effect (m 
= 2, 3, 4, and 5). In all calculations, K = 10,000 and R = 0.01. 

* g d 

m 1 2 3 4 5 2 3 4 5 

1 p = 0.40 1.00 1.00 1.00 1.00 1.00 0.32 0.23 0.20 0.20 
2 1.00 0.84 0.83 0.83 0.83 0.25 0.17 0.15 0.14 
3 1.00 0.76 0.74 0.73 0.73 0.20 0.13 0.11 0.11 
4 1.00 0.69 0.67 0.67 0.67 0.16 0.10 0.09 0.08 
5 1.00 0.63 0.60 0.60 0.60 0.13 0.08 0.07 0.06 
1 p = 0.01 1.00 1.00 1.00 1.00 1.00 0.44 0.33 0.29 0.28 
2 1.00 0.50 0.42 0.40 0.39 0.11 0.06 0.04 0.04 
3 1.00 0.72 0.67 0.30 0.16 

toward lower E when B is low and toward higher E when d 
is high (Fig. 6d-f). 

DISCUSSION 

The models presented in this paper make predictions re- 
garding the advantage of reproductive assurance enjoyed by 
selfers in a metapopulation under a variety of demographic 

vO 10 (a) m =2 d=1 
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X ~ ~~~~~~.............. d 5 

10 
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0U i 
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Proportion of occupied sites (p) 
FIG. 5. Model of an annual life history with a seed bank: the seed 
productivity required by outcrossers for their maintenance in a me- 
tapopulation at site occupancy, p, relative to that of selfers. Curves 
are given for (a) m = 2 and (b) m = 5, and for d = 1, 2, and 5. 
The probability of a bad year E = 0.5. K = 10,000 and R = 0.01. 

and life-history conditions. In general, the strength of selec- 
tion for reproductive assurance intensifies as the colony ex- 
tinction rate, E, increases, as the mean number of immigrants, 
I, decreases, and as the proportion of occupied sites, p, de- 
creases. For any combination of these parameters, selection 
for reproductive assurance is diminished in perennial plants, 
which have more than one opportunity to reproduce, and 
especially in plants that may survive in a dormant seed bank 
when conditions are not suitable for the growth and main- 
tenance of a mature colony. 

Our models have highlighted the importance of the me- 
tapopulation site-occupancy rate, p. In any metapopulation, 
the maximum proportion of habitat patches that are occupied 
at any point in time is determined directly by the local colony 
extinction rate and is approached as the colonization rate, B, 
increases to unity. Thus, for maximum p to be approached, 
the mean number of seeds immigrating into each colony must 
increase, and in our models this occurs through enhanced 
seed productivity, r. The increase in r required to maintain 
a metapopulation at high values of p applies to selfers as 
much as it does to outcrossers, except for high E when p is 
close to its maximum. By contrast, at low p the advantage 
of reproductive assurance increases greatly, so that outcros- 
sers must produce and disperse increasingly more seeds as 
p approaches zero, whereas the seed productivity of selfers 
converges to a constant for decreasing p. 

The importance of reproductive assurance when p is low 
is apparent for both annual and perennial life histories, as 
well as for plants with a seed bank, and helps to explain the 
otherwise puzzling observation that many successful sexual 
colonizing species may in fact be self-incompatible (e.g., 
Centaurea solstitialis, Sun and Ritland 1998; Papaver rhoeas, 
Campbell and Lawrence 1981; Senecio squalidus, Abbott and 
Forbes 1993; Turnera ulmifolia, Barrett 1978) or dioecious 
(e.g., Mercurialis annua, Pannell 1997a; and see below), in 
apparent contradiction to Baker's Law. Our models indicate 
that the advantage of reproductive assurance will be smallest 
when most of the available sites in the metapopulation are 
occupied, even for high colony extinction rates, and greatest 
when a species is uncommon across the landscape, for ex- 
ample at the periphery of its distribution. This is in accord 
with empirical observations of the geographical distribution 
of selfing, which indicate that selfing races of otherwise out- 
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crossing species commonly occur at the margins of the range 
(reviewed in Lloyd 1980; Barrett 1989). It also supports Ba- 
ker's (1967) assertion that examples of self-incompatible col- 
onizers do not refute his hypothesis, as claimed by Carlquist 
(1966). 

In our model of the effects of a seed bank, we discriminate 
between q, the proportion of sites occupied by reproductively 
mature individuals, and p, the proportion of sites occupied 
either by mature plants or by plants as dormant seeds in the 
seed bank. Only individuals in reproductive colonies (i.e., 
those colonies experiencing good years) contribute seeds to 
the metapopulation seed pool, and hence q will directly in- 
fluence the level of seed migration among sites. Unfortu- 
nately, whereas it may be relatively straightforward to assess 
the total number of reproductive colonies in a particular land- 
scape, measuring q in the field is made difficult because we 
also need to know the number of unoccupied but available 
sites in the metapopulation. Measuring the value of p is even 
more of a challenge because dormant seeds are typically ef- 
fectively invisible. Nonetheless, metapopulation studies of 

plant species need to account for the possibility of sites oc- 
cupied by a seed bank (Husband and Barrett 1996). This is 
because seed dormancy not only dramatically reduces local 
colony extinction rates and decreases the chance of global 
extinction across the entire metapopulation; it also increases 
effective population size, thereby reducing genetic drift 
(Templeton and Levin 1979). 

The assessment of seed bank dynamics in plant metapo- 
pulation studies is likely to be most important in the very 
species in which metapopulation dynamics play the greatest 
role. These are typically short-lived species that occupy sea- 
sonal and ephemeral habitats and in which apparent extinc- 
tion rates may be high. In the aquatic annual Eichhornia 
paniculata, for example, an average of 34% of the colonies 
observed during one season were absent during the next, 
although some of these may have persisted as a dormant seed 
bank (B. C. Husband and S. C. H. Barrett, unpubl. data). This 
is in accord with the observation that species with an r- 
selected life-history strategy frequently possess seed dor- 
mancy (Harper 1977), particularly those that inhabit uncer- 
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tain environments (Cohen 1966, 1967). It is clear that un- 
derstanding the persistence of many species at the metapo- 
pulation level will require a knowledge of both seed bank 
dynamics as well as patterns of dispersal and local extinction 
events (e.g., Valverde and Silvertown 1997). 

Our seed bank model assumed an annual life history and 
was not generalized to include perenniality. In fact, the in- 
troduction of perenniality into the model treating seed dor- 
mancy would not alter our results substantially. If it were 
assumed that mature perennial plants died during bad years, 
then the reestablishment of a reproductive colony would oc- 
cur during the next good year from the seed bank, while 
colony extinction would result after d consecutive bad years, 
as for the annual case. If mature perennials were assumed to 
survive a bad year, without reproducing for example, then 
this would leave the extinction rate unaltered (as long as g 

d d) but would increase the colonization rate, B, for out- 
crossers because m or more immigrants could accumulate at 
vacant sites over both good and bad years. 

The reason why introducing perenniality would not unduly 
alter the results of our seed dormancy model lies in the as- 
sumptions we made in calculating N(t, n), the number of 
plants in a colony founded by n individuals t years previously. 
We assumed that the seed productivity of perennials was 
constant and did not increase with age. We also assumed that 
the size of a colony in one year equals the number of seeds 
produced by plants in that colony the previous year. Both 
these assumptions are applicable to an annual life history but 
are unlikely to be accurate descriptions of the population 
dynanics of many perennials. In reality, many perennials in- 
crease seed production with increasing age and size. More- 
over, because population size in year t will include both the 
progeny of plants that reproduced during year t - 1, as well 
as all plants from previous generations aged less than g years, 
we might expect perenniality to increase the colony growth 
rate directly. This expectation is complicated by the possi- 
bility that perenniality carries a fertility cost, with perennials 
producing fewer seeds per season in early years than their 
annual counterparts; their population growth rate may thus 
actually be lower than that of an annual. Indeed, it is expected 
on theoretical grounds (e.g., Stearns 1976; Lessels 1991) and 
it is well established empirically (e.g., Harper 1977) that the 
reproductive effort of short-lived species (r-strategists) is 
higher than that of longer-lived species. We chose to overlook 
these complications, as retension of r and the use of the same 
colony growth equations for both annual and perennial life 
histories allowed us to estimate the effect of perenniality on 
reproductive assurance itself, without the confounding influ- 
ences of colony growth dynamics. Nevertheless, our basic 
model could be modified to take these additional factors into 
account for cases where the population dynamics are under- 
stood and are of particular interest. 

It is clear that processes occurring at the metapopulation 
level may affect simultaneously several different characters 
influencing a plant's life history and reproductive system, 
and that trade-off relations and trait interactions are likely to 
be important. Thus, plants will be selected to allocate a cer- 
tain proportion of their limited resources to dispersal, de- 
pending on local competition and the probability of colony 
extinction (Hamilton and May 1977; Olivieri and Gouyon 

1997; Ronce and Olivieri 1997). Moreover, the allocation of 
resources to reproduction versus survival, which largely de- 
termines the life history of a plant, is expected to interact 
with patterns of allocation to male and female functions 
(Zhang and Wang 1994) and the mating system (Morgan and 
Schoen 1997), just as the mating system influences the ev- 
olutionarily stable sex allocation (Charlesworth and Charles- 
worth 1981). 

Our models predict that selection for reproductive assur- 
ance will be greatest in annuals with no seed bank and should 
be diminished in perennial species and in species with a seed 
bank. One implication of this is that perenniality and seed 
dormancy may allow the maintenance of outcrossing in col- 
onizers, despite selection for reproductive assurance, if the 
deleterious effects of inbreeding are high. Perenniality ap- 
pears to have played this role in the maintenance of out- 
crossing in island species of Echium (Bohle et al. 1996), and 
its high incidence on islands generally (Carlquist 1974) may 
be due to similar causes. Nevertheless, in self-fertilizing spe- 
cies we might expect metapopulation dynamics (the frequent 
recurrence of local colony extinction, or bad years) to select 
also for perenniality and seed dormancy. It is thus interesting 
that whereas colonizing plants of disturbed and ephemeral 
habitats often possess a dormant seed bank, these species are 
often annual rather than perennial (Baker 1974). This ap- 
parent contradiction is likely due to the fact that high repro- 
ductive effort tends to be selected at the population level in 
disturbed ruderal situations and illustrates the principle that 
selection may act in different directions at the population and 
metapopulation levels (Olivieri and Gouyon 1997; Barrett 
and Pannell 1998). A comparison of ruderal and island col- 
onists may shed further light on this notion. Because habitats 
available for colonization on islands are not necessarily prone 
to recurrent disturbance, the process of colonization tends to 
be uncoupled from the ruderal habit commonly found among 
mainland colonists. It is perhaps noteworthy in this context 
that an annual life history is more frequent in the colonists 
of the Galapagos Islands, which have a particularly high in- 
cidence of pioneer habitats, than on forested Hawaii 
(McMullen 1987). 

It is intuitive that our model will be more robust to relaxing 
some of its assumptions than others. Most critically, allowing 
a certain amount of selfing by outcrossers (e.g., through 
"leaky" self-incompatibility or dioecy) would remove the 
advantage enjoyed by selfers in a metapopulation. It is also 
noteworthy that an ability of individuals in dioecious species 
to set some seed by selfing has been invoked to explain the 
successful colonization of oceanic islands by outcrossers 
(e.g., Baker and Cox 1984). Such leakiness may have been 
significant in island colonization, where immigration is a very 
rare event, but it is possibly of less importance in the context 
of a metapopulation in which more frequent colonization 
should select for a strategy producing greater numbers of 
selfed seeds, especially in species where mating success is 
influenced by the Allee effect. Moreover, predominant out- 
crossing with an ability to produce a substantial number of 
seeds by selfing when mates are absent may in fact be a 
superior strategy to obligate or predominant selfing if selfed 
seeds suffer inbreeding depression (J. R. Pannell and S. C. 
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H. Barrett, unpubl. data), and we might thus expect delayed 
selfing to be selected under such conditions. 

Our model makes no attempt to assess the evolution of 
mating-system traits in a metapopulation in which both sel- 
fers and outcrossers coexist. A model treating such a situation 
would ideally be able to identify threshold values of the rates 
of extinction and immigration on either side of which selfers 
or outcrossers would spread. However, as noted earlier, mod- 
eling the coexistence of selfers and outcrossers in a meta- 
population requires assumptions regarding the genetics gov- 
erning the mating system as well as the possibility of pollen 
transfer between mating-system morphs. These factors, 
which are beyond the scope of the present paper, have been 
considered in part elsewhere (J. R. Pannell and S. C. H. 
Barrett, unpubl. data). 

Baker's Law provides an explanation for the frequent ca- 
pacity of colonizing species to produce viable progeny by 
self-fertilization. Baker (1955) was impressed by the gen- 
erality of this principle, noting that conclusions drawn from 
studies of plants and animals were "virtually identical" in 
this respect. Whereas he drew a link specifically between 
self-compatibility and establishment after long-distance dis- 
persal in the title of his paper, we wish to emphasize here 
that the principle of Baker's Law may apply equally in the 
context of a metapopulation in which frequent colony ex- 
tinction is balanced by the recolonization of available sites 
at a landscape level. Thus the propensity of oceanic island 
floras to contain many self-compatible species is a result of 
essentially the same process, albeit at a different spatial scale. 
The colonization of oceanic islands probably involves very 
low values of I, whereas reproductive assurance may be se- 
lected in a metapopulation with higher I if E is also suffi- 
ciently high. 

By taking a landscape perspective, our metapopulation 
model provides a novel approach to understanding Baker's 
Law; it allows us to to distinguish quantitatively between the 
effects of extinction, colonization, density dependence, and 
seed productivity as well as the effects of life history and 
seed dormancy. While the model assumes simplified demog- 
raphy and mating behavior, our comparison between an ob- 
ligate outcrosser and a complete selfer gives an estimate of 
the upper bound to the advantage of reproductive assurance. 
The basic model we have presented here introduces a concept 
that might easily be modified to other circumstances. In par- 
ticular, a similar approach could assess the relative likelihood 
of establishment of colonizing species with different types 
of self-incompatibility or sexual system. It would be inter- 
esting, for example, to compare the establishment likelihood 
of species with heteromorphic relative to various homomor- 
phic incompatibility systems. Thus self-incompatibility may 
occur more commonly in a homomorphic than a heteromor- 
phic colonizer, because the former typically have many more 
incompatibility alleles and would be more likely to coestab- 
lish at a site with a cross-compatible mate. Similarly, me- 
tapopulation models have shown that the value of reproduc- 
tive assurance may differ between sexual systems such as 
androdioecy and gynodioecy (Pannell 1997b). We suggest 
that contrasts in behavior of different reproductive systems 
and life histories in the context of a metapopulation may 

provide further insights into the joint evolution of traits in- 
fluencing dispersal and mating. 
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