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Figure 5. Evolution of selfing rates under stochastic density fluctuations. The panels at the top illustrate population density
fluctuations at R*, whereas the panels at the bottom show the corresponding PIPs. (a,b) The singular strategy is evolutionarily
stable but not convergence stable. Parameters: a=c=1.3, b=d=1,6,=0.3, S=4.5, K,=1, K,=3 and p=0.5. (¢,d) The
singular strategy is both evolutionarily stable and convergence stable. Parameters: a=c=1.3, b=d=1, §,=0.3, S=5, K;=1,

K,=5 and p=0.5.

stable demographic conditions, convergence-stable inter-
mediate selfing rates require inbreeding depression to
decrease with selfing rates, (a=c¢ < b=d). When popu-
lation densities fluctuate, this condition no longer applies
and intermediate selfing rates evolve under a wider range
of ecological conditions. Although we have shown only a
few specific examples here, increasing the variance of den-
sity fluctuations generally facilitates the existence of con-
vergence-stable intermediate selfing rates.

5. DISCUSSION

Based on the antagonistic selection pressures resulting
from inbreeding depression and the cost of outcrossing,
previous models have predicted that only complete selfing
or full outcrossing are possible as outcomes of the evol-
ution of selfing rates (Lloyd 1979). The same conclusion
holds when inbreeding depression is caused by partially
recessive deleterious mutations (partial dominance
hypothesis (Charlesworth & Charlesworth 1987)),
because inbreeding depression decreases with selfing rate
(Charlesworth ez al. 1990); the evolution of selfing then
experiences a positive feedback. In general, the mainte-
nance of partial selfing instead requires the gain in fitness
to decrease with selfing rate, thus resulting in a negative
feedback.

In this paper, we have shown that embedding studies
on the evolution of selfing in population dynamical models
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of inbreeding depression can radically modify these con-
clusions, even though the evolution of selfing remains gov-
erned by inbreeding depression and the cost of
outcrossing. Specifically, we have identified three types of
negative feedback that all allow for the evolutionary origin
and subsequent maintenance of intermediate selfing rates.

First, a negative feedback on selfing can arise when
inbreeding depression decreases with density (as demon-
strated by our merely density-dependent model). It is
questionable whether this condition applies to many natu-
ral populations as it is generally assumed that stressful
conditions (in this case, increasing density) lead to the
increase of inbreeding depression (Wright 1977). Beyond
this widely accepted rule of thumb, however, the general
pattern is probably not that simple. An empirical study by
Cheptou ez al. (2001) could not identify any effect of den-
sity on inbreeding depression in the outcrossing plant
Crepis sancta, whereas H. P. Koelewijn (unpublished
results) has found that inbreeding depression in Plantago
coronopus actually decreases with density, which, accord-
ing to our analysis here, could create a negative feedback
selecting for intermediate selfing rates.

Second, for the general frequency-dependent model
analysed in this paper, we have identified another biologi-
cal mechanism for creating the required negative feed-
back. Even when inbreeding depression increases with
density, the evolutionary maintenance of intermediate
selfing rates is expected if outbred individuals excel in
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competition with inbred individuals. No empirical data are
yet available to confirm or refute that such a competitive
asymmetry can occur. Our model suggests analysing the
nature of competitive interactions within and between
inbred and outbred types by estimating the corresponding
competition coefficients directly from experimental stud-
ies.

Third, we have shown that fluctuations in population
densities can induce a negative feedback on selfing. This
result agrees with recent work by Cheptou & Mathias
(2001) that has shown that stochastic inbreeding
depression can maintain intermediate selfing rates (see
also Cheptou & Schoen 2002). To a certain extent, our
results can be considered as a particular case of fluctuating
inbreeding depression caused by fluctuating population
density. However, it is interesting to note that stochastic
variations in carrying capacity generate the same type of
negative feedback. In natural populations, variation in car-
rying capacities is a rather common phenomenon
(Mathias et al. 2001) and can result from a wide range of
natural causes, like variations in precipitation, tempera-
ture, nutrient inflow, prey abundance, or a species’
exposure to predators or interspecific competitors.

This paper emphasizes that linking the fitness associated
with particular selfing rates to the environmental con-
ditions experienced by individuals expressing such rates
modifies the evolution of selfing by influencing inbreeding
depression. This implies that the dynamics of deleterious
mutations causing inbreeding depression is not only affec-
ted by inbreeding itself (which has been studied in a sup-
posedly constant selective environments by considering
the genetic processes that purge deleterious mutations
(Charlesworth ez al. 1990)), but also by the ecological and
environmental conditions experienced by individuals.
Kondrashov & Houle (1994) distinguished types of
mutation depending on the dependence of their
expression on environmental conditions and showed that
the estimation of mutation rates in Drosophila is affected
by the environments in which these mutations originate.
Recently, the process of purging of deleterious mutations
has also been found to be less efficient under benign
environmental conditions than in harsh environments
(Bijlsma et al. 1999). Clearly, future theoretical work on
these issues could benefit from combining the study of
genetic effects with an ecologically explicit perspective on
fitness as developed in this paper.

It should be noted that taking into account other eco-
logical mechanisms beyond intraspecific competition,
such as pollination mechanisms, can modify the trans-
mission bias of selfing (changing in turn, the cost of
outcrossing) and thus also allow for the maintenance of
intermediate selfing rates (Holsinger 1996). The present
paper has demonstrated that no such interspecific interac-
tions need be considered for understanding qualitative
departures from classical expectations regarding the evol-
ution of selfing.

APPENDIX A: SINGULAR SELFING RATE AT THE
STABLE DEMOGRAPHIC EQUILIBRIUM

Assuming a stable demographic equilibrium N, the
growth ratio of a mutant is given by equation (2.7),
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OW(R',R)

PW(R',R)

W(R',R) = S{R'(1 — 8,) exp(—[a R + c(1 — R)] N.)
+41-R+1-R)1-R
xexp(— [b R+ d (1 — R)] N)}. (A1)

The singular selfing rate is obtained from solving

aRI :S{(l 780)

xexp(—[a R* + ¢ (1 — R)] Ny
—3dexp(—[6 R* +d (1 = R")] Ny}
=0, (A2)

(it appears that equation (A 2) implies 6 = 0.5), which
leads to the solution

log(2(1 = 8))/Nyg—c+d

r (a+d)—(b+o) g

(A3)

for (a+d) — (b+¢) # 0. At R*, we obtain from equ-

ation (A 2)

(1 =26y exp(—[aR*+c¢(1—R"D] N, =
Lexp(—[6 R* + d (1 — RM)] Ny. (A4

Substituting equation (A 4) into equation (2.4) gives

SBR+ (1 - R"] exp(~[bR* +d (1 = R)] N.p) =1,
(A5)

which allows us to determine N, at R",

log(S (1 — 4R"))
“"pR*+d(1-R)’

(A6)

Solutions (N., R*) are found numerically by solving
equations (A 3) and (A 6).
For (a + d) — (b + ¢) =0, solving equation (A 2) yields

_log2 (1 —8,))

Nea c—d

(AT)
and R* is then obtained from substituting equation (A 7)
into equation (A 6).

For the density-dependent model, a=c¢ and b=d,

explicit solutions (N, R*) can be found,

R*=2[1 — exp(b N,,)/S] (A 8)
and
_log@ (1 —8y) A9
a—=>b

APPENDIX B: CONVERGENCE STABILITY AT THE
STABLE DEMOGRAPHIC EQUILIBRIUM

Because of the linearity of equation (A 1) in R’, the cri-
terion for convergence stability reduces to

< 0.
OROR' 0 (B1)

From equation (A 2) one obtains
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*W(R',R)

aRaRr = (l - 80){_((1 - C) Neq

}

dN.,
—-;{—(b—d) N+ bR +d(1-R )]ﬁ| }

R=R

*

R =R=R

dN.,
+[aR*+c( _R*)]F

R=R"

X exp(—[a R+ ¢ (l - R*)] Neq)

xexp(—[6 R* +d (1 — R)] N_). B2)

At R*, equation (A 4) can be used to show that con-
dition (B 2) is equivalent to

dN,
[~(@=0) + (b~ d)] Neg = (fia ~ fod 3~

d
R=R

(B3)

The first derivative in this expression is obtained by dif-
ferentiating equation (2.4) with respect to R and evaluat-
ing the result at (N_,, R*), which gives

q)

G=S{R(1 -5y exp(—[aR+c(1—R)]N.)

+ (1 —R)exp(—[bR+d(1 —R)] N =1. (B4)
Differentiating the implicit function G,
oG oG
—_— +-—dR=
dG 8Nequeq 3R dR=0, (B5)
gives
dN_, 0G/oR
dR = 0G/oN., (B6)
This yields
dN_, _[R"(c—a)+2(01 —R") (d = b)]Nq— 1
dR . R7fin(R*) + 2(1 = R") fou(R")
R= R
(B7)

In the density-dependent model, a = ¢ and b = d, the cri-
terion for convergence stability reduces to

dN.,
R

- (f;n _fout) d

<o. (B 8)

*

R=R

It can easily be shown that the derivative in this
expression is negative. As f,=a=c and f,,,=b=d, con-
vergence stability in the density-dependent model applies
if a <b.
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