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Abstract: To study the relative importance of inbreeding depression and the loss of adaptive diversity in
determining the extinction risk of small populations, we carried out an experiment in which we crossed and
self-fertilized founder plants from a single, large population of shore campion (Silene littorea Brot.). We used
the seeds these plants produced to colonize 18 new locations within the distribution area of the species. The
reintroduced populations were of three kinds: inbred and genetically homogeneous, each made up of selfed
seed from a single plant; inbred and mixed, made up of a mixture of selfed seeds from all founder plants; and
outbred and mixed, made up of a mixture of seeds obtained in outcrosses between the founders. We compared
the inbred homogeneous populations with the inbred mixed to measure the effect of genetic diversity among
individuals and the inbred mixed with the outbred mixed to measure the effect of inbreeding. Reintroduction
success was seriously limited by inbreeding, whereas it was not affected by genetic diversity. This observation
and the nonsignificant interaction between family and reintroduction location for individual plant characters
suggest that the fixation of overall deleterious genes causing inbreeding depression posed a more serious threat
to the short-term survival of the populations than the loss of genes involved in genotype and environment
interactions. Thus, reintroduction success was related to adaptive diversity. Preventing such fixation might be
the most important consideration in the genetic management and conservation of shore campion populations.
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Contribución Relativa de la Depresión Endogámica y la Diversidad Adaptativa Erosionada al Riesgo de Extinción

de Poblaciones Pequeñas de Silene littorea

Resumen: Para estudiar la importancia relativa de la depresión endogámica y de la pérdida de diversidad
genética en la determinación del riesgo de extinción de poblaciones pequeñas, realizamos un experimento en
el que cruzamos y autofertilizamos plantas fundadoras de una población única, grande, de Silene littorea Brot.
Utilizamos las semillas producidas por estas plantas para colonizar 18 localidades nuevas dentro del área de
distribución de la especie. Las poblaciones reintroducidas fueron de tres tipos: endogámicas y genéticamente
homogéneas, cada una compuesta de semillas de una sola planta; endogámicas y mixtas, compuestas por una
mezcla de semillas de todas las plantas fundadoras y exogámicas y mixtas, compuestas de mezcla de semillas
obtenidas del entrecruzamiento de los fundadores. Comparamos las poblaciones endogámicas homogéneas
con las endogámicas mixtas para medir el efecto de la diversidad genética entre individuos y las endogámicas
mixtas con las exogámicas mixtas para medir el efecto de la endogamia. El éxito de la reintroducción estuvo
seriamente limitado por la endogamia, mientras que no fue afectado por la diversidad genética. Esta obser-
vación y la interacción no significativa entre la localidad original y de reintroducción en plantas individuales
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sugiere que la fijación de genes deletéreos causantes de la depresión endogámica fue una amenaza más seria
para la supervivencia a corto plazo de las poblaciones que la pérdida de genes involucrados en las interac-
ciones entre el genotipo y el ambiente. De esta manera, el éxito de la reintroducción estuvo relacionado con
la diversidad adaptativa. La prevención de esta fijación pudiera ser la consideración más importante en el
manejo y conservación genética de poblaciones de Silene littorea.

Palabras Clave: conservación de plantas, diversidad genética, potencial adaptativo, reintroducción exitosa,

Silene littorea

Introduction

The erosion of genetic variation in small populations of
animals and plants increases their extinction risk through
two main mechanisms: inbreeding depression and reduc-
tion of adaptive diversity (reviewed in Frankham et al.
2002 and Reed & Frankham 2003).

Inbreeding depression occurs because increased ho-
mozygosity unmasks recessive deleterious alleles or de-
termines the loss of heterozygote genotypes at overdom-
inant loci (Roff 1997), and there is overwhelming evi-
dence that it constitutes a serious threat for the survival
of wild populations (Crnokrak & Roff 1999; Hedrick &
Kalinowski 2000).

Losses in adaptive diversity result in reduction of the
evolutionary potential of populations (reviewed in Fos-
ter Huenneke 1991 and Booy et al. 2000). This diversity
is of course important for evolution in the long term,
but given that evolution often occurs on contemporary
timescales (reviewed in Reznick & Ghalambor 2001 and
Stockwell et al. 2003), it may also be critical in the short
term (Conner 2001). For example, if genotypes in a pop-
ulation were differentially adapted to different microhab-
itats, the population could maintain higher numbers in
heterogeneous environments (as observed by Ellstrand &
Antonovics 1985), persist in the face of biotic or abiotic
environmental changes (Den Boer et al. 1993; Schemske
et al. 1994), or have an increased colonizing ability
(Martins & Jain 1979; Bergerson & Wool 1986). Simi-
larly, diversity in alleles associated with disease resistance
may enable populations to resist pathogens (O’Brien
& Evermann 1988; Fiedler & Kareiva 1998; Hughes &
Boomsma 2004). Interactions between genotype and mi-
crohabitat for fitness characters (i.e., adaptive diversity)
occur within wild populations of animals (e.g., Rawson &
Hilbish 1991; Kunz & Ekman 2000) and plants (Silander
1985; Waser & Price 1985; Shaw 1986; Holsinger &
Gottlieb 1991), and in the case of plants, these inter-
actions are often involved in the genetic differentiation
within populations (reviewed in Foster Huenneke 1991
and Linhart & Grant 1996).

The effects of inbreeding depression and loss of adap-
tive diversity are conceptually different but are generally
confounded in practice because both the probability of
mating between relatives and the probability of losing al-

leles by chance are increased in small populations (Tem-
pleton 1991; Ellstrand & Elam 1993). Study of the relative
importance of interactions between gene effects (causing
inbreeding depression) and interactions between genes
and environment (causing adaptive diversity), however,
may provide a deeper understanding of the nature of the
genetic variance for fitness within natural populations and
the forces maintaining it (Roff 1997). This understanding
may be important in practice for the genetic management
of endangered species (e.g., in making decisions about
translocations of individuals for restocking small popula-
tions in the wild). Such translocations are beneficial only
if the expected reductions in inbreeding depression out-
weigh the loss of fitness resulting from the decreased fre-
quency of locally adapted alleles (Hufford & Mazer 2003)
and become risky if adaptive diversity is high.

The relative importance of inbreeding depression and
loss of adaptive diversity may also be relevant for the
management of captive populations. Maximizing the re-
tention of heterozygosity will usually also retain genetic
diversity (Ballou & Lacy 1995; Fernández et al. 2004), but
situations of conflict may arise in which individuals that
have unique or rare alleles can also have very common al-
leles at other loci. Breeding such individuals may reduce
heterozygosity because they share genes with much of
the population, yet not breeding them may result in loss
of the rare alleles and therefore of genetic diversity (Lacy
1994).

Decisions about captive breeding depend on the na-
ture of the genetic variation. If deleterious alleles causing
inbreeding depression are the main source of extinction
risk, the main priority is to select overall fit individuals and
avoid mating between relatives or to implement schemes
that combine forced inbreeding with selection for fitness
to purge the population of these deleterious alleles (By-
ers & Waller 1999; Crnokrak & Barrett 2002). If the main
concern is the maintenance of adaptive diversity, how-
ever, an understanding of the functional basis of adaptive
differences is required to ensure that all relevant genes or
genotypes are preserved. Similarly, random genetic mark-
ers may be the preferred measure of diversity and differen-
tiation for deleterious genes spread across the genotype,
whereas information about quantitative trait loci (QTL)
may be more appropriate for measuring adaptive diver-
sity (see McKay & Latta [2002] and Van Tienderen et al.
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[2002] for a discussion of the value of these alternative
sources of information and Haig et al. [1990] for a com-
parison of different strategies of genetic management of
small populations).

Although the roles of inbreeding depression and loss of
adaptive diversity in increasing extinction risk of popula-
tions are widely recognized, few direct comparisons have
been made of their relative importance. We carried out
a reintroduction experiment to study the effects of these
two mechanisms on the survival of small populations of
shore campion (Silene littorea Brot.).

Methods

Plant Sampling and Mating Design

Shore campion is a low-growing, self-compatible, gyno-
dioecious-gynomonoecious (some individuals produce
only female flowers, others only hermaphrodite flowers,
and still others produce both kinds; Desfeux et al. 1996)
annual (Guitián & Medrano 2000) that grows on coastal
sand dunes from the northwest to the southeast of the
Iberian peninsula (Polunin & Smythies 1973). The pres-
ence of female flowers implies that a proportion of the
population seed set is produced by outcrossing. Bumble-
bees and butterflies seem to be the main pollinators of
the species (P. Guitián & M. Medrano, personal communi-
cation). It is a poor colonizer because seeds lack a means
of dispersal and simply fall from the open fruits and roll
over the soil surface.

In February 2001 we took eight young plants from
different sections of a large, well-conserved population
growing on the dunes of Furnas Beach (42◦38′N, 9◦2′W)
in Galicia, northwestern Spain. This population encom-
passes several kilometers of shore, is made up of many
thousands of individuals, and probably existed for a long
time because there are no records of past agricultural use
or human dwellings in this area (M. Somoza, personal
communication). The plants were carefully cleaned and
potted, with the sandy soil around their roots, and cul-
tured with supplementary fluorescent light (116 W) in a
3-m3 Plexiglas chamber within a greenhouse. The cham-
ber had forced ventilation and two wide (approximately
80 × 80 cm) lateral openings covered by wedding-veil tis-
sue that curtailed the entrance of potential pollinators.
At flowering, we used a fine paint brush to pollinate
the plants. Each plant was both selfed and outcrossed
in reciprocal paired matings to produce eight selfed (F =
0.5) seed families and four outcrossed seed families. The
hermaphrodite flowers destined to receive pollen in out-
crosses were emasculated before flower maturation.

Experimental Treatments

We retained the seeds of each family in paper bags during
the summer and autumn of 2001 and germinated them

on wet filter paper in petri dishes in January 2002, hav-
ing previously scratched their cuticles to stimulate germi-
nation and to prevent dormancy. The resulting seedlings
received indirect sunlight from a large east-facing window
and supplementary fluorescent light (99 W) in a natural
photoperiod. The temperature fluctuated between 18◦

and 25◦ C.
Once they had developed three leaves, we transferred

each seedling to 6 × 6 × 9 cm pots containing beach
sand. We used these seedlings to set up three kinds of
reintroduction populations consisting of 16 plants: eight
inbred and genetically homogeneous (IH) populations,
each with 16 individuals from a different selfed family; five
inbred and mixed (IM) populations, with 2 individuals
from each of the eight selfed families; and five outcrossed
and mixed (OM) populations of 4 individuals from each
of the four outcrossed families (two descendants from
each reciprocal cross except in one family in which only
one of these crosses was successful). Because the three
treatments were set up with individuals descended from
the same parents and therefore shared the same set of alle-
les, the differences between treatments were only in the
distribution of these alleles. Thus, we had one treatment
with both inbreeding and low genetic diversity within
populations (IH), another with similar inbreeding but
higher genetic diversity (IM), and the last with genetic di-
versity similar to that in IM but with no inbreeding (OM).

Reintroduction

The populations used for reintroduction were randomly
assigned to 18 locations on the Galician coast, within the
distribution area of the species and with the restriction
that no two IM or two OM populations could be placed
in neighboring positions. We coded these locations (and
their corresponding populations) from 1 to 18, follow-
ing their north-south position along the shoreline. The
locations had been selected in 2001. They had to support
some, however scant, dune vegetation and be a linear
distance (measured by GPS) of at least 500 m from the
nearest existing individuals of the species, to minimize
the arrival of alien pollen to the reintroduced populations.
This distance was much greater than pollination distances
usually found in Silene. When they isolated plants of S.
alba 10, 20, 40, 80, 160, 320, and 640 m from other
plants, Richards et al. (1999) found that 47% of the seeds
were sired by plants 20 m away and <6% were sired by
plants more than 80 m away. Taylor et al. (1999) found
that the proportion of flowers setting fruit in S. vulgaris
female plants isolated at a distance of 80 m from the near-
est population was <5%. Interference by alien pollen was
also unlikely because of the small size of the experimental
populations (Ellstrand et al. 1989; Groom 1998).

All reintroduction locations were environmentally de-
graded to some extent, but they differed in latitude,
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exposure to the open sea, and degree of conservation
of the dune vegetation.

We carefully removed seedlings with at least four leaves
from their pots, along with the sand trapped around their
roots, and planted them 30 cm apart in a 4 × 4 array at
each reintroduction location on 19, 20, and 22 April 2002.
We recorded the positions in the array so that we could
identify each individual plant on subsequent visits.

Measured Characters

We measured the per-family germination success in the
laboratory in 2002. We made weekly visits to the rein-
troduced populations and counted the plants, the flow-
ers and fruits per plant, and the seeds per fruit. Seeds
were dropped under the plant after counting. Because
we missed the maturation and seed release of a propor-
tion of the produced fruits (43.15% in the first year), we
were unable to count the seeds in all fruits. In the first year
of reintroduction, we estimated the seed count in these
“missed” mature fruits as the average count in fruits of
the same plant.

We measured herbivore damage in each individual as
the weekly average number of leaves attacked. We calcu-
lated a plant biomass index (Kephart et al. 1999) as the
product of number of leaves × area of the largest leaf
(leaf width × leaf length, in millimeters, measured with
digital calipers [Comecta 5900601, Comecta, Barcelona]
0.01 mm precision). We measured the overall develop-
mental speed as the maximum biomass index value for
each plant in the corresponding period divided by the
number of weeks spent in the field. Visits continued up
to the death of the last plant in August 2002. We used seed
set as our most complete estimate of individual fitness.

Visits to the reintroduced populations surviving in
2003, the second year after reintroduction, were made
monthly instead of weekly. We did not identify individual
plants in this second generation because the population
sizes had increased and we could no longer monitor the
positions of the plants. During each visit, we registered
the number of plants, fruits, and seeds per fruit in the
population. The procedure for estimating seed number
in the fruits completing maturation and seed release be-
tween visits was the same as in the first year, except that
we had to use population averages instead of individual
averages because we did not identify individual plants.

In 2002, 13 plants that were still not in flower, in IH
population 14, were accidentally killed by being trampled
on by horses. We used the surviving plants to calculate
the seed production per plant in this population, although
there was an unavoidable reduction in the total seed pro-
duction. The sign and significance of comparisons involv-
ing the seed production per location in the IH treatment,
however, would have remained unchanged even if all of
the dead plants had produced on average as many seeds

as the surviving plants (data not shown). In any case, this
accident did not affect the extinction results.

In 2003 OM populations 2 and 8 and IM population 3
were run over by machinery used to clean up the Pres-
tige oil spill (13 November 2002) and OM population 5
was run over by machinery being used to build an access
route to the shore. These accidents occurred before the
end of the reproduction season and therefore reduced
seed production to unknown extents. For this reason,
results comparing the 2003 seed production in the two
affected treatments, IM and OM, must be considered with
some caution. The estimates of population size and germi-
nation success were unaffected, however, because they
were the maximum plant counts made at each location
and corresponded to the first months of 2003, before the
accidents.

We considered a population extinct if it did not produce
descendants in 2003. This criterion was not completely
definitive because of the probable existence of a seed
bank that may have resulted in the mixture of progenies
from different generations (Lesica & Steele 1994). In our
experiment, only the IM population 18 had no plants in
2003 after having produced some seeds in 2002. Perhaps
these seeds remained dormant in the soil and the popula-
tion was not truly extinct. It would, in any case, have had
a high extinction risk because it had produced only one
fruit and therefore very few seeds in 2002.

The only evidence for seed banks in our experiment
was obtained in 2003, when we found a small group of
adult plants about 200 m north of OM population 12. Be-
cause it is unlikely that any plants had grown unnoticed
in that place in previous years, these individuals proba-
bly came from dormant seeds. We did not find any other
uncontrolled plants in the neighborhood of reintroduced
populations in 2002 and 2003 (and of course we did not
find any in 2001, when choosing the locations). This indi-
cates that our reintroduction locations had been devoid
of plants of this species at least for several years.

Data Analysis

We made analyses of variance of the individual plant traits
in the IM and OM populations that considered the effect
of the family and the location and their interaction. This
family × location interaction measured the importance of
adaptive diversity. We analyzed the two treatments sep-
arately because the respective family effects were differ-
ent, one corresponding to full-sib families and the other
to selfed families. This analysis was not possible for IH be-
cause in this treatment each family was present at a single
location, the effects of family and location being com-
pletely confounded. We calculated the expected power
to detect interaction variances (at p < 0.05) correspond-
ing to different proportions of the total observed variance
with Scheffé’s formula (1959):

p {Fdf1,df2 = F0.05;df1,df2/(1 + J θ)},

Conservation Biology

Volume 20, No. 1, February 2006



Vilas et al. Genetic Sources of Extinction Risk 233

where df1 and df2 are the degrees of freedom of the in-
teraction and error mean squares, respectively; J is the
number of observations of the same family in each loca-
tion (4 in OM and 2 in IM), and θ is the ratio of interaction
variance to error variance. We calculated the probability
of the interaction being undetected in both treatments
(1 − [(1 − power in OM) (1 − power in IM)]) to com-
bine the power of the tests corresponding to these treat-
ments. We carried out logarithmic transformations of all
variables analyzed.

Results

Population Survival

Four IH and three IM populations failed to produce any
descendants in 2003 and therefore became extinct, but
all OM populations had plants in that second year. As a
result, there were no detectable differences in population
survival between IH and IM, the two inbred treatments
differing in genetic diversity, whereas these inbred treat-
ments had less survival than the outbred OM (Fig. 1).
Thus, although inbreeding had a clear effect on popula-
tion survival, genetic diversity did not.

Individual Plant Characters in the First Year of

Reintroduction

The evidence for inbreeding depression in plant survival
and seed production per plant and per location (Fig. 2)
was in accordance with that found for population sur-
vival. These individual plant characters had very similar

Figure 1. Survival of shore campion populations in
the first year of reintroduction. The ratios of surviving
to reintroduced populations are shown on the bars. All
G tests comparing the corresponding proportions had
1 df ( ∗p < 0.05) (IH, IM, and OM, inbred
homogeneous, inbred mixed, and outbred mixed
populations, respectively).

Figure 2. Average fitness measures of shore campion
populations in the first year of reintroduction (IH, IM,
and OM, inbred homogeneous, inbred mixed, and
outbred mixed populations, respectively). Locations
are arranged from north (1, left) to south (18, right).
The averages for the three treatments are shown by
larger symbols (somewhat displaced to improve
visibility) on the right-hand side of the diagram.
Averages not sharing number codes were different in
pair-wise comparisons (Wilcoxon two-sample test, p <

0.05). The arrow indicates a measurement affected by
accidents (see text); ?, a population producing fruit
but lacking seed counts, and E, populations that
became extinct in the first year.

values in the two inbred treatments, IH and IM, whereas
the value was much higher in the OM treatment. The same
pattern was observed in the remaining measured charac-
ters (Table 1). Seed production per plant in the OM popu-
lations was similar to that in the source Furnas population
in the same year (C.V., personal observation).

The lack of evidence for any effect of genetic diversity
among individuals on population survival was consistent
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Table 1. Trait averages and inbreeding depression for shore campion in the first year of field reintroduction.a

Wilcoxon testsc

Treatment meansb

Inbreeding
Character IH IM OM IDd GD depression (δ)e

Percent ab germination 0.89 – 0.88 26.0 – −0.03
Development speed 76.85 111.08 157.50 96.0∗∗ 44.0 0.43
Leaf damage 0.052 0.045 0.033 37.0 32.0 −0.51
Biomass index (×103) 10.86 16.55 25.17 97.0∗∗ 44.0 0.48
Number of flowers 2.70 2.34 7.64 96.0∗∗ 53.5 0.67
Number of fruits 1.45 1.12 4.74 98.0∗ 48.5 0.72
Number of seeds 15.07 18.00 87.93 82.0∗∗ 51.0 0.82

aPopulation averages were used as observations, so that N = 8 for IH and N = 5 for IM and OM (but N = 4 for number of seeds in IM because
of the missing data in population 18).
bIH, IM, and OM are the inbred homogeneous, inbred mixed, and outbred mixed populations, respectively.
cID, test to compare (IH + IM) vs. OM (i.e., inbreeding depression); GD, test to compare IH vs. IM (i.e., homogeneity of the two inbred treatments).
dIncludes all inbred plants because the division into IH and IM was carried out at the time of reintroductions. Probability: ∗p < 0.05,
∗∗p < 0.01.
eFor each character measure ( W), δ = 1− ( W(IH+IM)/ WOM) (Charlesworth & Charlesworth 1987).

with the analyses of variance for the individual plant char-
acters (Table 2), which did not reveal any family × loca-
tion interactions and therefore any adaptive differences
among families. There was also limited evidence for vari-
ance between families, but locations had clear effects on
seed number and most other characters.

Although we did not detect any effects of genetic di-
versity in this experiment, we cannot claim these effects
were completely absent because of limitations in statis-
tical power. The amount of interaction our experiment
would detect with an expected power of 0.8 was equal
to 29% of the total variance for this trait (Fig. 3). The struc-
ture of the data and therefore the expected power were
similar for the analysis of the remaining characters (data
not shown).

Second Year after Reintroduction

The IM treatment showed a clear improvement in individ-
ual fitness in 2003. In this second generation, the highest

Table 2. The F values in analyses of variance for the effect of family and location on character measurements of shore campion in the first year of
field reintroduction.a

IM OM Combined probabilityb

Character Ffamily Flocation Ffam × loc Ffamily Flocation Ffam × loc pfam ploc pfam × loc

Development speed 3.049∗ 0.629 0.625 0.202 0.896 0.921 0.118 0.682 0.785
Leaf damage 0.491 5.185∗∗ 0.342 2.696 20.836∗∗∗ 0.574 0.242 <0.001 0.981
Biomass index 2.978∗ 0.692 0.475 0.208 0.617 0.922 0.126 0.765 0.827
Number of flowers 3.770∗∗ 6.562∗∗ 0.326 0.572 2.299 0.928 0.019 <0.001 0.863
Number of fruits 1.922 11.470∗∗∗ 0.470 0.518 2.515 0.842 0.248 <0.001 0.904
Number of seeds 0.919 14.098∗∗∗ 0.596 0.530 2.262 0.755 0.705 <0.001 0.924

aIM and OM are the inbred mixed and outbred mixed populations, respectively. Degrees of freedom for family, location, and their interaction
were 7, 5, and 35 in IM and 3, 4, and 12 in OM. Probability: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
bWe conducted a chi-square test to combine the F tests for family, location, and their interaction made in the analyses of variance of the IM and
OM treatments to obtain an overall significance test for each effect (Sokal & Rohlf 1995).

values for germination success in the field corresponded
to IM rather than to OM, the treatment that had the high-
est fitness measurements in 2002, whereas the IH treat-
ment had the lowest values (Fig. 4). In addition, the differ-
ences between OM and IM for seed production per plant
found in the first year (Fig. 2, top) became almost negligi-
ble in the second (Fig. 5, top). This change was mediated
by an increased average seed production in the IM popu-
lations (18.0 seeds per plant in the first year vs. 43.6 in the
second), despite the accident suffered by population 3 in
the second year, and by decreased production in the OM
treatment (87.9 in the first year vs. 51.2 in the second).
The latter decrease could have been due to selfing or sib-
mating in the first year or to the accidents that prevented
some plants in the OM populations 2 and 8 from complet-
ing seed production in the second year. This production
remained low in the IH treatment in the second year (Fig.
5, top). The Wilcoxon test did not reveal significant dif-
ferences for seeds per plant among the three treatments.
However, the comparison of IH with the pooled data of
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Figure 3. Power functions for the detection of different
amounts of family × location ( fam × loc) variance,
measured as proportions of the observed total
variance, for the number of seeds per plant (IM and
OM, inbred mixed and outbred mixed populations,
respectively). When we combined the data from both
treatments, the proportion of interaction variance
corresponding to an expected power of 0.8 was 0.29.

IM and OM, however, was almost significant (W7,4 = 15.0,
p = 0.054).

Despite the recovery in individual fitness, the IM treat-
ment did not attain the population size and total seed
production of OM (Fig. 5, middle and bottom) because
populations of the former were already much smaller at
the beginning of the second year.

Figure 4. Shore campion seed germination in the field
in the second year after reintroduction (IH, IM, and
OM, inbred homogeneous, inbred mixed, and outbred
mixed populations, respectively). The ratios of
germinated to estimated total number of seeds
produced in the year of reintroduction are shown on
the bars. All G tests comparing these ratios had 1 df
( ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

Figure 5. Average fitness measures of shore campion
populations in the second year of reintroduction (IH,
IM, and OM, inbred homogeneous, inbred mixed, and
outbred mixed populations, respectively). Locations
are arranged from north (1, left) to south (18, right).
The averages for the three treatments are shown by
larger symbols (somewhat displaced to improve
visibility) on the right-hand side of the diagram.
Averages not sharing number codes were different in
pair-wise comparisons (Wilcoxon two-sample test, p <

0.05). Population size is the maximum plant count in
each location. Arrows indicate measurements affected
by accidents (see text).

Discussion

Inbreeding Depression versus Adaptive Diversity

In our experiment inbreeding depression played a domi-
nant role in determining reintroduction success, at least
in the short term. In the first year, there were clear dif-
ferences in population survival between the outbred and
inbred reintroductions, because of the increased homozy-
gosity of the IH and IM treatments, but not between these
two inbred reintroductions, which differed in genetic
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diversity. If increased genetic diversity within populations
had been translated into increased adaptive diversity, we
would have expected to find differences in extinction
frequency between the IH and IM populations. This is be-
cause the more genetically diverse IM populations would
have been more likely to contain at least some individuals
able to colonize a particular location than the less diverse
IH, which would have contained either many or no such
individuals and would have gone extinct more often.

In the second year, individual fitness measurements im-
proved in IM but not in IH treatments. Plants in both
treatments could have outcrossed in the first year of rein-
troduction, but only in IM did this outcross occur among
individuals from different families, resulting in detectable
heterosis. This supported the interpretation that inbreed-
ing depression was the main source of variation in fit-
ness and confirmed that there was more genetic diversity
among individuals in the IM than in the IH treatment. The
lack of evidence for heterosis in the IH treatment in the
second year indicates negligible interference from alien
pollen in our experiment.

The inbreeding depression for individual seed produc-
tion observed in our experiment (0.818) was higher than
0.5 and therefore large enough to suppress the spread
of self-fertilization in the population (Lande & Schemske
1985). The frequent production of feminine flowers de-
void of pollen in shore campion may be an adaptation to
restrain self-fertilization (Silverton & Charlesworth 2001).
In fact, all gynodioecious-gynomonoecious species stud-
ied have very high outcrossing rates (Collin & Shykoff
2003).

The limited importance of adaptive diversity suggested
by the population survival results was supported by the
absence of significant family × location interactions for
any individual plant character. This absence could not
be explained by uniformity of the reintroduction loca-
tions because these locations clearly had different effects
on total seed production and most measured characters.
In contrast, the evidence for family effects was weak for
most characters and null for our main fitness estimate, in-
dividual seed production. There was genetic variation in
the Furnas source population, but it was mostly nonaddi-
tive because it generated serious inbreeding depression
rather than large differences between families.

Our results do not rule out the existence of variation for
adaptive characteristics in the source population because
our experiment had limited power to detect moderate
genotype × environment interactions. In plants adaptive
differences are widespread at least between populations,
and advantages for the local populations are often de-
tected in reciprocal transplant (Schmitt & Gamble 1990;
Wang et al. 1997; Montalvo & Ellstrand 2000) and reintro-
duction (Vergeer et al. 2004) experiments. We did not find
such differences because we considered a single source
population. Our results showed only that inbreeding de-
pression was a more important determinant of extinction
risk than the loss of within-population adaptive diversity.

Our finding of a predominant role for inbreeding de-
pression in determining extinction risk was also consis-
tent with the widespread success of genetic rescue exper-
iments in which the average fitness of small, genetically
eroded populations of animals and plants increases after
the introduction of migrant individuals (reviewed in Tall-
mon et al. 2004). These experiments were not designed
to differentiate between the effects of inbreeding depres-
sion and reduced genetic diversity, but their immediate
and apparently unidirectional results seem to correspond
to a reduction in inbreeding depression rather than to an
introduction of new, favorable alleles. This is because the
introduction of new genes from a large, panmictic pop-
ulation into a small, inbred population would mask the
expression of randomly fixed deleterious recessive genes
and systematically result in improvements in fitness. If the
main cause of differences among populations is the fre-
quency of adaptive alleles, then the introduction of alien
genes in a small population could result in both increases
and decreases in fitness, depending on the local adaptive
value of the genes introduced.

Generalization to Other Population Sizes

We estimated inbreeding depression and loss of adaptive
diversity associated with the change from a population
sample of eight to a sample of one, and therefore con-
sidered a single combination of population sizes. Indeed,
the heterozygosity expected in OM instead corresponded
to that in the original population because we avoided
selfing in this treatment. The consequences of this differ-
ence were limited, however, because the proportion of
the heterozygosity in the original population that would
be expected to be retained in a sample of eight parents
(Ne = 8) would be 1 − (1/2Ne) = 0.937 (Crow & Kimura
1970).

We could generalize our result that inbreeding is of
more concern than the loss of adaptive diversity if these
two variables depended in the same way on changes in
population size and therefore in expected heterozygosity.
This would not be unexpected. Inbreeding depression
is inversely proportional to heterozygosity (Falconer &
Mackay 1996) and so is the loss of adaptive diversity, at
least when fitness depends mostly on quantitative traits.
In this case low levels of heterozygosity imply low levels
of additive genetic variance and therefore lower potential
responses to selection (Falconer & Mackay 1996).

Fitness, however, may also depend on more qualitative
kinds of variation. In the case of disease-resistance genes,
or the self-incompatibility gene of many plant species,
the allelic diversity (the average number of alleles per
locus; Frankham et al. 2002) of the population may be
more important than its genetic variance or heterozygos-
ity (Allendorf 1986). This also would be the case for the
genes restoring male function in the probable cytonuclear
system of sex determination of shore campion (Vilas &
Garcia 2005). With two alleles at frequencies p and q, the
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probability of maintaining the polymorphism in a sample
of size N is 1 − (1 − p)2N − (1 − q)2N . With gene fre-
quencies of 0.95 and 0.05, this probability is 0.560 for
N = 8 and 0.095 for N = 1. The expected reduction in
allelic richness would thus be 83%, which is greater than
the 50% reduction expected in heterozygosity from 1 in
the outbred founders to 0.5 in their inbred descendants.
Thus if fitness depended on allelic richness rather than on
heterozygosity, our experiment would tend to favor de-
tection of the effects of adaptive diversity over inbreeding
depression. This bias would be reduced as the gene fre-
quency became less extreme and would disappear for p =
0.5.

Implications for Genetic Management

The lack of detection of any adaptive genetic differences
in our study suggests that opportunities for differential
adaptation at separate locations within the distribution
area of shore campion are limited and that restocking ge-
netically eroded small populations with individuals from
nearby populations will reduce inbreeding without seri-
ously decreasing local adaptation. This restocking could,
however, disrupt local complexes of coadapted genes and
result in outbreeding depression (Templeton 1986; Bar-
rett & Kohn 1991; Wade 2002). We did not address the
problem of crossing different populations because we
used a single-founder population. This sampling in a single
population also may have limited the amount of adaptive
diversity present in the entire species that was captured
in our experiment. We could have improved the probabil-
ity of detecting any effect of adaptive diversity if we had
extended the sampling of founders to multiple popula-
tions. The importance of adaptive diversity may also have
been greater if the experiment had been conducted over a
longer time period because over multiple generations the
population would have run a higher risk of encountering
novel environments, such as extreme weather conditions
or new pathogens.

In any case, we found that a single, genetically varied
population was sufficient for successful colonization of
suitable habitat. This is interesting because the number of
populations available for sampling is an important consid-
eration from the perspective of costs and long-term man-
agement of conservation plans and should be weighed
carefully (Falk 1991).

Our results suggest that accumulation of deleterious
genes and inbreeding depression are the main threat for
the short-term viability of small populations of shore cam-
pion. Therefore measures to prevent such accumulation
should be a priority in the development of any plan for
the genetic management of these populations.
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