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Abstract 
The magnitude and variation of inbreeding depression (ID) within populations is 
important for the evolution and maintenance of mixed mating systems. We studied 
inbreeding depression and its genetic variation in a range of floral and fitness traits in a 
small and a large population of the perennial herb Silene nutans, using controlled 
pollinations in a fully factorial North Carolina II design. Floral traits and early fitness 
traits, i.e. seed mass and germination rate, were not much affected by inbreeding (δ < 
0.2). In contrast, ‘late’ fitness traits and multiplicative fitness suffered severely from 
inbreeding (δ > 0.4). Lack of genetic correlations indicated that ID in floral, early and 
late traits is genetically decoupled. There was a trend that the smaller population was 
less affected by ID than the large one, although the differences were not significant for 
most traits. Hence, evidence for purging of deleterious alleles remains inconclusive in 
this study. Genetic variation in ID among paternal families was statistically significnat 
in most floral and all seed traits, but not in late fitness traits. However, some paternal 
families had δ < 0.5, even in the multiplicative fitness measure that suffered most from 
ID (δ = 0.74), suggesting that the mixed mating system of S. nutans might be 
evolutionary stable. 
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Introduction 
Inbreeding depression (ID) is a driver of mating-system evolution and a 

major concern in the management of many endangered species (e.g. Goodwillie et 
al., 2005; Charlesworth, 2006; Ouborg et al., 2006; Allendorf and Luikart, 2007). 
The severity and onset of ID and its ability to evolve with changes in the mating 
system depend on the underlying genetic basis. Among the contributing factors 
are the degree of dominance of loci affecting ID and the number of loci affecting 
the traits that suffer from ID (Charlesworth et al., 1990). Further, a population’s 
ability to purge deleterious mutations that cause ID depends on the strength of the 
deleterious effects and the degree of dominance or recessiveness of the mutated 
alleles. If, for example, ID is caused by deleterious mutations of large effects, 
even populations with low selfing rates will effectively purge the genetic load 
through natural selection and, hence, suffer little ID at mutation-selection 
equilibrium. If, on the other hand, ID is caused by many recessive and only mildly 
deleterious alleles, genetic load will not be purged effectively almost regardless of 
selfing rate (Charlesworth and Charlesworth, 1999). 

In self-fertile plants, inbreeding can occur either through self-fertilisation 
or through matings between otherwise related individuals. In populations with 
relatively small effective population numbers the limited array of possible mating 
partners will result in a build up of relatedness among individuals and in 
inbreeding per se (Ellstrand and Elam, 1993). Thus, comparatively small 
populations could suffer less ID than comparatively large populations, because of 
the higher inbreeding levels in the former and hence the more effective purging of 
genetic load. 

One aspect of ID in natural plant populations that has received little 
explicit empirical attention is the degree to which families within or among 
populations vary in their level of ID (Fox, 2005; Kelly, 2005; Kelly and 
Tourtellot, 2006; Ouborg et al., 2006). A theoretical model on the evolution of 
mating system modifiers showed that an association between selfing promoters 
and viability determining loci could build up, resulting in an invasion of selfing 
promoting genes, if ID was below some threshold value and caused by recessive 
deleterious alleles (Uyenoyama and Waller, 1991a,b,c). However, strong variation 
in the ID among families could facilitate the spread of selfing promoters even in 
populations with high average ID (above 0.5). 

Most studies on ID have focused on traits closely related to fitness. The 
degree to which inbreeding affects fitness traits of different life stages differs 
between species that are predominantly selfers and species that are predominantly 
outcrossers (Husband and Schemske, 1996; Ouborg et al., 2006). There is a 
tendency of selfing species to suffer more severe ID in late life-cycle traits 
compared to early traits, whereas outcrossing species tend to suffer more severe 
ID in early traits (e.g. Mustajärvi et al., 2005). Husband and Schemske (1996) 
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suggested that the ID in early traits is caused by recessive lethals which are 
effectively purged through inbreeding, whereas ID in late traits is caused by 
recessive and only mildly deleterious mutations that are very difficult to purge 
even in highly inbred populations. 

Floral traits, such as the size of petals, anthers and ovaries, have been less 
studied with regard to ID although they may be affected as well. As mechanisms 
of selection may be different for floral and fitness traits, it is important to know 
whether the magnitude of ID is different for these two sets of characters. 

In this paper we test the quantitative genetics of ID in Silene nutans L. by 
addressing the following questions: 1) does the level of ID vary with population 
size, 2) does ID vary between fitness and non-fitness traits expressed at different 
life-cycle stages, 3) to which degree is the ID observed in different traits under the 
same genetic control, and 4) is there genetic variation in ID among families? 

Materials and Methods 

Study species 

Silene nutans is a rosette forming perennial herb of dry and open non-
acidic grassland communities. It has a wide distribution range from France and 
Belgium in Western Europe to the Urals and the Caucasus in the East. Flowers are 
usually hermaphroditic, protandric and pollinated by a number of different insect 
species, especially nocturnal moths (Jürgens et al., 1996). Selfing rate is 
intermediate but with a large variation among regions (van Rossum and Prentice, 
2004), populations, individuals and flowers of the same plant (Philipp and 
Weidema, unpublished). Among 10 Danish populations the selfing rate ranged 
between 0.08-0.61 and covaried negatively with population size (r = -0.82; P = 
0.002; Philipp and Weidema, unpublished). In Denmark, S. nutans is relatively 
rare and many populations are small and apparently isolated. 

The individuals used in this experiment come from two Danish 
populations located 60 km apart on the island of Zealand. ‘Børsen’ is a small, 
isolated population (approximately 30 individuals) growing on an inland bronze 
age grave mound that has been covered in grassland vegetation, to which S. 
nutans belongs, since at least 500 BC (Bruun, et al., 2001). Unpublished results 
by Philipp and Weidema show that adult plants in this population are not inbred 
(Fis not different from zero). ‘Klint’ is a very extensive coastal population of more 
than 1000 individuals. The inbreeding level of this population has not been 
studied; however, another large coastal population from the same region is not 
inbred (Fis not different from zero). Coasts are some of the most persistent habitat 
types in Denmark, and it is therefore likely that the Klint population has existed 
for very long time. Thus, both populations may be very old. In what follows 
Børsen will be denoted ‘Small’ and Klint ‘Large’. 
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Experimental design 

Crossings and selfings. From each of the two populations 18 individual 
rosettes were sampled. Nine randomly chosen individuals from each set were used 
as pollen acceptors (hereafter ‘females’) and the remaining nine were used as 
pollen donors (hereafter ‘males’). In the P-generation, all 9 males from each 
population were crossed factorially onto all 9 females from the same population, 
according to a North Carolina II design. The first generation seeds thus included 
81 full-sib and 9 paternal half-sib families from each population. Using this 
design, we can estimate and compare inbreeding depression for the paternal 
families in the P-generation across the same set of maternal plants. We thereby 
avoid the inflation of variance that would results from using different sets of 
maternal plants for each paternal family. 

Part of the seeds were used directly for a common garden experiment (see 
below), while another part was used to produce self-pollinated offspring. For that 
purpose, ten seeds (outcrossed) from each of the 162 first-generation crosses were 
randomly picked and sown into 10 cm pots. Four weeks after germination the 
number of plants per pot was randomly reduced to one. At sexual maturity, 
approximately two flowers per plant were self-fertilised and the resulting selfed 
second-generation seeds were harvested. The reason for comparing outcrossed 
offspring from the first generation with selfed offspring from the second 
generation is that they are related by having the same sets of original P-generation 
fathers; the nine paternal families from each population thus include both an 
outcrossed and a selfed set of offspring with the same expected paternal 
contribution (P-paternal contribution to the offspring genome is expected to be 
0.5). 

Common garden trial. Approximately ten seeds from all the 162 
outcrossed and 162 selfed families were sown into pots in January 1999. Four 
weeks after germination surplus plants were randomly weeded out to reduce the 
number of plants per pot to one. In late April, all 324 plants were transplanted in a 
randomized design to an outdoor common garden at the experimental farm of 
University of Copenhagen, appr. 10 km west of Copenhagen. Distance between 
rows was 80 cm and among plants 25 cm; plants were watered when necessary, 
but not fertilized or treated with pesticides. By the summer of 2000, all outcrossed 
and 132 selfed plants had survived. The number of outcrossed plants was, 
therefore, also reduced (to 138, to ensure that all remaining families had sufficient 
outcrossed and selfed plants for statistical analysis; see equation 1). At flowering, 
the plants were allowed to pollinate each other freely. 

Phenotypical measurements 

We recorded an array of traits covering different life stages of the plants in 
the common garden trial. In this study, we discern ‘fitness traits’, that are related 
to growth and seeds and usually considered to represent plant fitness, from ‘floral 
traits’ that are related to flowering organs and usually considered to be non-fitness 
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traits. According to the plant life cycle, we separated fitness traits into ‘early’ 
ones, i.e. related to seeds, and ‘late’ ones related to the adult phase of the plants. 

Floral traits. The two populations exhibit significantly different onset of 
flowering (Hauser and Weidema, 2000). Therefore, we sampled the flowers over a 
course of ten days in May and June 2000 to reduce variation caused by 
phenological differences in sex allocation. The plants were quite large and carried 
close to 1000 flowers on average. We harvested four flowers from each individual 
plant and kept them at -18°C until dissection. The flowers were chosen at the 
stage where the petals emerged from the sepals though the flowers were not 
‘opened’ yet. This stage is easy to recognize and short (< 8 hours). We dissected 
flowers into sepals, petals, stamens and ovary (with style and stigma). Then the 
flower components were dried at 70°C for 36 hours and we measured the dry 
weight to the nearest 10-6 g. 

Early fitness traits. Seed mass 1: From each of the original 162 
outcrossed and 162 selfed families we weighed 25 randomly picked seeds to the 
nearest 10-6 g and calculated average seed mass. Germination rate 1: From each 
of these crossings and selfings 25 randomly picked seeds were sown onto wet 
filter paper in Petri dishes. After 20 days, we counted the number of germinated 
seeds and calculated the germination rate. During this period the filter paper was 
kept wet. Seed mass 2: We harvested seeds from the outcrossed and selfed plants 
grown in the common garden trial and randomly picked fifty seeds from each 
plant. Then we weighed the seeds to the nearest 10-6 g and calculated average seed 
mass. Germination rate 2: From each of these harvested plants we put fifty 
randomly chosen seeds onto wet filter paper in Petri dishes. After 18 days, we 
counted the number of germinated seeds and calculated the germination rate. It is 
important to appreciate the differences between the first set of seed variables (seed 
mass 1 and germination rate 1). In the first set, it is the seeds that are either 
outcrossed or self-fertilised; in the latter, all seeds are produced by open 
pollination in the common garden trial, but by either selfed or outcrossed mother 
plants. 

Late fitness traits. Number of flower stalks: After flowering and seed 
maturation, we harvested and counted all stalks from all plants in the common 
garden trial. Number of capsules: We counted the total number of capsules per 
individual plant. Survival rate: We sowed between 8-12 randomly chosen seeds 
from each of the harvested plants into 14 cm pots. The survival rate of germinated 
plants was assessed after 13 weeks. The pots were lightly irrigated every other 
week during this period. W1: We estimated the multiplicative fitness as W1 = # 
capsules × germination rate 2. W2: This is the multiplicative fitness estimated as 
W2 = W1 × seedling survival rate. 

Assessment of inbreeding depression 

ID was estimated using a family based estimate for all paternal families 
(cf. Johnston and Schoen, 1994; Lynch and Walsh, 1998; Hansen, 2003): 
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where i denotes population identity (Small, Large), j denotes cross type 
(outcrossed or selfed), k = {1, 2, · · · , 9} denotes paternal parent from the P-
generation and l = {1, 2, · · · , 9} denotes maternal parent from the P-generation 
nested within populations (the same set of mothers were used for all crosses 
within each of the two populations), ziskl denotes the phenotypic value of the 
iskl’th selfed second generation offspring, iwkz  is the paternal mean of the 

outcrossed first generation offspring and, finally, ²σ̂ ( iwkz ) is the variance of the 

mean z  within the outcrossed offspring from the ik’th paternal parent. The term 

in the square brackets multiplied onto 
iwk

iskl

z

z
 removes the bias (to second order 

accuracy) introduced when estimating a ratio.  
The reason to use the paternal parent mean of the outcrossed type in the 

denominator rather than merely the population average is to remove variation in 
δijk(w) generated by variation among families per se (Kelly, 2005). Consider the 
situation where offspring from some families perform better than offspring from 
others more or less regardless of cross type. If we then were to use the population 
mean rather than the family mean, we would detect (genetic) variation in δijk (w) 
attributable to the general differences in offspring performance between families. 
But instead we want to estimate whether self-fertilized offspring from some 
families suffers more (or less) from being inbred compared to their outbred family 
than other self-fertilized families do (Johnston and Schoen, 1994). 

Statistical analyses and interpretation of parameters 

Population mean inbreeding depression. For graphical presentation, we 
calculated the population mean inbreeding and associated 95% confidence 
intervals (bias-corrected accelerated bootstrap, BCa; Shao and Tu, 1995) for all 
traits. Each confidence interval was based on resampling individuals within 
populations 5000 times. 

Population differences and among-family variances. We analysed the 
inbreeding-depression measures (δikl(z)) using linear mixed modelling. For all 
phenotypic traits considered we analysed the model  
δikl (z) = αi + uk + ul + εikl  (2) 

where αi is the fixed effect of population identity, uk and ul are the random 
effects of paternal and maternal identity (from the P-generation), respectively, and 
finally, εikl is the random error unaccounted for by the three preceding terms. The 
two random terms, uk and ul, are assumed to be normally distributed with zero 
means and variances σ²p and σ²m where the indices denote paternal and maternal 
identity. If one or both of these terms are statistically significant, that indicates 
that there is genetic variation in ID among families. We used SAS proc mixed 
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with the REML option to estimate and test the random part of the model and the 
ML to estimate and test the fixed effect of population in the model. 

Multivariate population differences. A more powerful way to assess 
population differences is to use the information from all traits simultaneously in a 
multivariate analysis of variance (MANOVA). Hence, we performed a MANOVA 
on a) the floral traits, b) the fitness traits and c) all 14 traits. The MANOVA 
model had population identity as a fixed effect and maternal and paternal identity 
as random effects. We included the random effects merely to control their 
variation rather than wanting to estimate their effects. To test the population effect 
we used the Pillai’s Trace statistic (Jobson, 1996) and its significance was 
assessed by a randomization test where we randomly assigned whole paternal 
sibships to populations 1000 times. These analyses were carried out using SAS 
proc glm. 

Differences between floral and fitness traits. In order to test whether 
inbreeding affects floral traits as a whole differently than it does fitness traits, we 
compared the mean ID of the five floral traits to the mean ID of the nine fitness 
traits for all selfed individuals in the common garden trial. Consider the 14 traits 
indexed by zt (t = 1, 2, 3, · · · ,14) so that δikl(zt) is the ID of the zt’th trait in the 
ikl’th selfed individual. The following statistic was evaluated to test  whether 
inbreeding affects the two types of traits differently: 

∑∑
∈∈

−=
floralt

tikl
fitnesst

tíklikl zzy 5/)(9/)( δδ .  (3) 

The significance of the differences in equation (3) was tested with one-
sample t-tests for each of the two populations where the p-values were estimated 
by a non-parametric bootstrap (Shao and Tu, 1995) using 1000 re-samples. The 
bootstrap tests were implemented in R using the boot library (Canty and Ripley, 
2002). We estimated BCa confidence intervals for the mean differences between 
floral and fitness traits based on 5000 resamples. 

To compare the paternal variances between the floral and the fitness trait 
sets, we calculated ψ(z) = 2ˆ pσ (z) / 2ˆ εσ (z) for each trait and compared the average 

of ψ(z) ( fitnessfloral ΨΨ − ). The significance of the difference was assessed based on 

a randomization test of 2000 replicates. 
Genetic correlations. To test if the ID in different traits is influenced by 

the same loci, we correlated the paternal mean ID among the different traits. We 
assessed the statistical significance of the correlations by randomization tests 
performed in R using the boot library (Canty and Ripley, 2002). 

Results 

Population and life-cycle differences in inbreeding depression 

Population means and the variation of the phenotypic traits measured in 
the common garden trial are presented in Table 1. Both populations exhibited 
significant mean ID in all floral traits (except for ovary dry weight in the Large 
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population) ranging from 0.12 to 0.2 (Figure 1). Late fitness traits suffered even 
higher ID ranging from 0.44 to 0.74. In contrast, seed traits hardly showed any 
significant ID. 

In both populations, ID was significantly larger in fitness traits than in 
floral traits (Small: t = 2.71, df = 75, p = 0.0084; Large: t = 5.50, df = 72, p = 
0.0004). The mean differences (yikl, see equation 3) were 0.088 in Small (95% 
BCa confidence interval: 0.024; 0.149) and 0.239 in Large (0.159; 0.326). 
Table 1 Population means and variation of the phenotypical values of outcrossed plants and selfed 
offspring for traits with significant inbreeding depression 

Character
Sepal
Petal
Ovary
Stamen
Flower
Stalks
Capsules
Survival
W1
W2

Sepal 15.9% (1.7%) 24.5% (1.9%) 17.6% (2.0%) 30.5% (2.7%)
Petal 17.8% (2.0%) 26.3% (2.4%) 16.9% (1.7%) 27.8% (2.2%)
Ovary 22.0% (2.8%) 37.6% (3.9%) 23.6% (3.0%) 65.6% (9.4%)
Stamen 13.5% (2.1%) 38.3% (5.9%) 13.3% (1.6%) 43.9% (6.2%)
Flower 13.3% (1.5%) 21.7% (2.1%) 13.5% (1.4%) 24.1% (1.9%)
Stalks 42.0% (6.5%) 51.1% (5.0%) 46.9% (5.8%) 68.2% (5.5%)
Capsules 48.0% (7.8%) 58.8% (5.5%) 51.4% (6.4%) 75.9% (6.4%)
Survival 32.9% (6.1%) 60.8% (6.7%) 47.9% (7.5%) 93.7% (9.9%)
W1 50.2% (7.9%) 56.4% (5.3%) 53.2% (6.2%) 73.9% (6.8%)
W2 54.1% (7.6%) 89.1% (8.6%) 81.7% (9.4%) 127.8% (13.5%)

2.2
3.3
0.7
1.8
8.4

67.8
985.3

0.7
924.8
690.9

1.8
2.8
0.7
1.4
7.0

43.9
560.6

0.4
532.3
268.7

2.3
3.0
0.7
1.8
8.2

53.5
646.3

0.5
594.9
370.0 143.2

297.8

2.6
2.1

0.3
325.8
30.8
7.2

Small population Large population

Coefficient of variation (bootstrap S.E.)

Outcrossed Selfed Outcrossed Selfed

1.4
0.8
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Figure 1 Population mean inbreeding depression in floral and fitness traits in two populations of 
Silene nutans (Small, Large). Bars represents 95% BCa confidence intervals. Traits with 
confidence intervals not containing zero are significantly different from zero. 

There were hardly any significant differences in ID between the two 
populations, except for the germination rate 2 (Table 2). In the multivariate 
analyses, the populations did not differ in floral traits (Pillai’s Trace F5;12 = 1.88; 
p = 0.1650) or all traits combined (Pillai’s Trace F14;5 = 2.07; p = 0.2060). 
However, the Small population had a somewhat lower ID for the nine fitness traits 
combined (almost significant difference in Pillai’s Trace, F9;10 = 2.95; P = 
0.0665). For one subset of fitness traits – capsule number, seed mass 2, 
germination rate 2 and survival rate – we found a marginally significant lower ID 
in the Small population (p = 0.0438) but for other combinations the p-values 
exceeded 5%. 

Among-family variance in inbreeding depression 

The paternal variances in ID were higher than the corresponding maternal 
variances (Table 2), which is in part an artefact due to the way the individual ID 
was estimated, using the crossbred paternal mean in the denominator in equation 
(1). The residual variances (rightmost column in Table 2) were substantially 
higher than the genetic variances for all the considered traits. Nonetheless, we 
found significant paternal genetic variance of ID in all floral traits, except for 
stamens, and in all seed-related fitness traits (seed mass 1 and 2, germination rate 
1 and 2), but not in the late fitness traits (Table 2). The paternal variance in ID 
was higher in the set of floral traits compared to fitness (ψfloral – ψfitness = 0.269, t = 
3.44, df = 12, p = 0.0130). The distribution of paternal-family means of ID is 
shown in Figure 2. The family-level variance and mean of ID were negatively 
correlated (r = -0.18, p = 0.0041). 
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Genetic correlations of inbreeding depression 

ID of floral traits was positively inter-correlated (Table 3), with the 
exception of stamens that were negatively correlated with ovaries. The late fitness 
traits were also positively inter-correlated. Among early fitness traits, we found a 
positive correlation between seed mass and germination in the seeds harvested 
from the tested crosses (seed mass 2, germination 2). There were no significant 
correlations between floral and fitness traits. Among early and late fitness traits, 
seed mass 1 and germination rate 2 were correlated with multiplicative fitness 
(W1). 

Discussion 

The magnitude of inbreeding depression in Silene nutans 

The ID found in the late fitness traits of Silene nutans, i.e. the number of 
stalks and capsules, survival and multiplicative fitness, is very high compared to 
other studies and other species. In addition, other studies have found selfing 
disadvantages of S. nutans in traits such as pollen-tube growth and zygote survival 

 
Table 2 Linear mixed-effects analyses of inbreeding depression coefficients (δ) according to 
equation (2) 

Character Small Diff.
S.E. 

(Diff.) σ²p σ²m σ²ε
Sepal 0.184 0.057 0.077 0.74 0.015 16.82*** 0.010 9.54*** 0.036

Petal 0.166 0.031 0.070 0.45 0.018 20.44*** 0.002 0.56 0.038

Ovary 0.199 0.136 0.094 1.44 0.035 22.69*** 0.001 0.02 0.068

Stamen 0.131 0.012 0.033 0.36 0.002 2.25 0.000 0.11 0.023
Flower 0.162 0.046 0.059 0.78 0.012 17.97*** 0.003 2.07 0.026

Seed mass 1 0.020 0.029 0.037 0.78 0.004 7.97** 0.001 0.77 0.018

Germination rate 1 0.085 -0.004 0.109 0.04 0.035 14.80*** 0.013 4.06*** 0.091

Seed mass 2 -0.016 -0.014 0.044 0.33 0.005 4.92* 0.000 0.00 0.032

Germination rate 2 -0.004 -0.076 0.032 2.35* 0.003 3.93* 0.000 0.00 0.018

# Stalks 0.436 -0.079 0.055 1.42 0.000 0.00 0.000 0.00 0.094
# Capsules 0.526 -0.069 0.051 1.35 0.000 0.00 0.000 0.00 0.080
Survival rate 0.472 0.005 0.075 0.07 0.007 0.56 0.000 0.00 0.140
W1 0.526 -0.082 0.051 1.60 0.003 0.33 0.000 0.00 0.070
W2 0.686 -0.054 0.056 0.96 0.003 0.34 0.000 0.00 0.085

Population means Population variances

F
lo

ra
l

F
itn

es
s

t-value Q-value Q-value

The ‘Small’ column gives the population mean ID in the Small population. The ‘Diff.’ is the 
difference between the mean δ in the Small population minus that of the Large population, and 
‘S.E.(Diff)’ is the standard error hereof. The symbols σ²p, σ²m and σ²ε are paternal, maternal, and 
residual variances, respectively. The levels of statistical significance represent: ***, p < 0.001; **,  
p < 0.01; *, p < 0.05. 
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Figure 2 Distribution of paternal-family means of inbreeding depression (δ, see formula 1) for 
floral and fitness traits within two populations of Silene nutans (Small, Large). Boxes indicate 
median and interquartile range; whiskers indicate the most extreme values within 1.5 times the 
interquartile range; values more extreme are indicated by circles.
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Table 3 Pair-wise correlations of paternal mean inbreeding depression (δ) among all traits 
Character Sepals Petals Ovary Stamen Flower Seed1 Germ1 Seed2 Germ2 Stalks Caps. Surv. W1 W2 Fitness Floral

Sepals 0.82 0.86 -0.36 0.94 0.10 0.29 0.10 -0.16 -0.11 -0.36 -0.42 -0.30 -0.28 -0.24 0.95

Petals 0.001 0.77 -0.19 0.94 0.15 0.36 0.14 -0.12 -0.20 -0.30 -0.43 -0.23 -0.31 -0.14 0.91

Ovary 0.001 0.003 -0.58 0.89 0.15 0.16 0.29 -0.12 -0.17 -0.36 -0.27 -0.33 -0.24 -0.29 0.95

Stamen 0.133 0.452 0.010 -0.28 0.23 -0.19 -0.33 0.05 -0.01 0.16 -0.03 0.24 -0.12 0.08 -0.37

Flower 0.001 0.001 0.001 0.275 0.14 0.28 0.15 -0.14 -0.18 -0.37 -0.42 -0.29 -0.33 -0.22 0.98

Seed1 0.640 0.543 0.551 0.365 0.557 -0.18 0.03 0.06 0.35 0.37 0.43 0.49 0.33 0.40 0.17

Germ1 0.244 0.142 0.532 0.448 0.243 0.447 -0.31 -0.34 -0.05 -0.11 -0.13 -0.16 0.10 0.21 0.24

Seed2 0.715 0.608 0.273 0.185 0.568 0.926 0.215 0.64 -0.11 -0.22 -0.11 -0.16 -0.23 0.04 0.19

Germ2 0.483 0.633 0.634 0.852 0.551 0.787 0.183 0.005 0.42 0.44 0.29 0.46 0.18 0.47 -0.14

Stalks 0.662 0.417 0.472 0.976 0.464 0.158 0.841 0.624 0.089 0.82 0.53 0.83 0.61 0.67 -0.18

Capsules 0.149 0.235 0.149 0.552 0.141 0.138 0.674 0.365 0.059 0.001 0.79 0.93 0.80 0.74 -0.37

Survival 0.083 0.090 0.283 0.916 0.094 0.067 0.623 0.668 0.245 0.021 0.001 0.77 0.91 0.65 -0.39

W1 0.233 0.360 0.192 0.329 0.241 0.037 0.553 0.510 0.048 0.001 0.001 0.001 0.76 0.73 -0.31

W2 0.260 0.183 0.332 0.653 0.176 0.168 0.694 0.363 0.435 0.007 0.001 0.001 0.001 0.72 -0.31

Fitness 0.364 0.584 0.250 0.766 0.389 0.097 0.408 0.876 0.047 0.004 0.001 0.005 0.002 0.002 -0.26

Floral 0.001 0.001 0.001 0.145 0.001 0.443 0.320 0.457 0.517 0.475 0.134 0.124 0.229 0.205 0.305  
Correlation coefficients are listed above the diagonal and their associated test probabilities (randomization tests) are listed below the diagonal. Bold face 
written correlations are significant with p < 0.05. Note, however, that the tests presented here are liberal because there is no correction for multiple 
testing. The ‘Fitness’ and the ‘Floral’ traits are the mean δ in the fitness and the floral traits, respectively, calculated according to equation (3). 
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(δ = 0.06-0.08; Hauser and Siegismund, 2000). By comparison, Husband and 
Schemske (1996) report species’ average ID in fecundity and growth to range 
between 0.28-0.33 for outcrossed species (their Figure 3). Yet, for other 
Caryophyllaceae species Husband and Schemske’s appendix actually points 
towards similarly high levels of cumulative ID (mean δ between 0.50-0.83). 
Recently, high cumulatvie ID has been reported for the close Silene-relatives 
Lychnis flos-cuculi (0.57-0.87: Hauser and Loeschcke, 1994, 1995; 0.91 under 
drought stress: Hauser and Loeschcke, 1996) and L. viscaria (up to 0.629; 
Mustajärvi et al., 2005), but also for species from other plant families, e.g. the lily 
Bulbine bulbosa (0.85; Owen et al., 2007), or Magnolia obovata (up to 0.69/0.97; 
Ishida, 2006). 

Populations size and inbreeding depression 

The two populations considered here both have intermediate selfing rates 
(Weidema and Philipp, unpublished) and have probably persisted under constant 
conditions for a long period of time, but their sizes differ orders of magnitude. 
Regardless hereof little differences in ID were found between the two populations. 
However, although mostly not significant, there was a consistent trend in the 
multivariate analyses of fitness traits that the Small population suffered less from 
inbreeding depression. This may give grounds to presume that there was some 
degree of purging in the Small population, but that the effect was too small 
compared to the within-population variation of ID to be detectable from a sample 
of 9 paternal and 9 maternal plants (81 crosses) per population. In the end, the 
evidence for purging remains inconclusive in this study. 

There seems to be no consistent relationship between population size and 
ID in general (Byers and Waller, 1999). There are several possible explanations 
for populations size not to be associated with the level of ID and purging. Firstly, 
population size may be a bad predictor of the level of inbreeding (Leimu et al., 
2006; Honnay and Jacquemyn, 2007). If dispersal of pollen and seeds is limited, 
then even large outcrossing populations may be genetically structured and show 
some degree of inbreeding due to matings of related plants (Byers and Waller, 
1999). Further, gene flow among populations through pollen and seed dispersal 
may mitigate genetic effects of small, fragmented populations (Kramer et al., 
2008) and render purging processes void. For example, Zealand populations of S. 
nutans are not very isolated from one another in that the multi-locus Fst value is 
0.139 (S.E. = 0.036; Weidema and Philipp, unpublished). Moreover, population 
sizes and inbreeding may have fluctuated in the past, or a population may have 
adapted to local environmental conditions, so that the particular history of a 
population may override current processes of inbreeding and purging (Mills, 
2007; Leimu et al., 2008), although we suppose the populations studied here to 
have been constant in size and inbreeding level over a long period of time. 

Secondly, regarding the genetic basis of inbreeding depression, purging is 
expected to happen, if ID is caused by recessive deleterious alleles that are 
exposed to selection when homozygous, whereas purging is not possible if ID is 
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due to overdominance (Allendorf and Luikart, 2007; Wright et al., 2008). But 
even deleterious recessive alleles may be difficult to purge, if they have 
comparatively high dominance coefficients and if their effects are only mildly 
deleterious (Charlesworth and Charlesworth, 1999; Wang et al., 1999; Allendorf 
and Luikart, 2007). Hence, if ID is based on mildly deleterious recessives or 
overdominance, which also can occur together, purging effects may be low and 
difficult to detect (Crnokrak and Barrett, 2002). In addition, purging is less likely 
to happen for plants with perennial life histories (Byers and Waller, 1999) such as 
S. nutans, and generally is less effective for larger plants (Scofield and Schultz, 
2006). 

Altogether, the slight tendency of the Small population to suffer less from 
ID would be consistent with the notion that ID is caused by a mixed system with 
many deleterious recessive alleles of small effect and few with large effect, and 
possibly with some overdominance, so that only a minor part of the genetic load, 
i.e. lethal or sub-lethal mutations, can be purged (Byers and Waller, 1999; 
Charlesworth and Charlesworth, 1999; Crnokrak and Barrett, 2002). 

Differences between floral and fitness traits 

Most studies on ID have focussed on life-history traits related to fitness, 
and only relatively few have considered morphological traits, such as floral traits. 
In these, there seems to be a trend that morphological traits suffer less from 
inbreeding than fitness (De Rose and Roff, 1999; Wright et al., 2008; but see 
Ellmer and Anderson, 2004). 

In our populations of S. nutans, ID was significantly lower for floral traits 
than for (late) fitness traits. A simple explanation could be that selection acts more 
strongly on flowers than on fitness which does, however, not seem reasonable. 
Alternatively, selection acting on floral traits may be stabilizing, in contrast to 
selection on fitness traits that likely is directional. Genetic variation may thus 
become lower for the floral traits. Larger floral display probably increases male 
and female fitness, as in many other species (Philipp and Hansen, 2000; Ashman 
and Diefenderfer, 2001), but may also give more infection by anther smut fungi 
(Ustilago violacea; Shykoff et al., 1997). The S. nutans populations we studied 
are commonly infected by anther smut fungi (Hansen, personal observation, 
2001). Stabilizing selection on corolla size and, through genetic correlations (cf. 
Table 3) on other floral traits, might therefore operate in S. nutans. Coefficients of 
variation are hence substantially smaller for the floral traits than for the five 
fitness traits suffering strong ID (number of stalks and capsules, survival rate and 
the two multiplicative fitness estimates) (Table 1). This could be the result of 
stronger developmental canalization in the floral traits (Schlichting and Pigliucci, 
1998). An alternative explanation could be that the floral traits have lower levels 
of directional dominance variance than the fitness traits (DeRose and Roff, 1999). 
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Differences between early and late fitness traits 

The early fitness traits, seed mass and germination rate, were much less 
affected by ID than the late fitness traits. This could be a result of genes that are 
expressed early and have a cumulative pleiotropic effects on genes expressed later 
on (Husband and Schemske, 1996). However, this is not likely here, as early and 
late fitness traits seem to be genetically decoupled, as indicated by the lack of 
correlation of paternal mean ID for these groups of fitness traits (Table 3). 

A more likely explanation is that early ID is caused by (sub-)lethal alleles 
that are purged quite effectively, whereas mildly deleterious (nearly) additive 
alleles, that are difficult to purge, are responsible for ID suffered in later life 
stages. Consequently, differences in ID between inbred (small) and outcrossed 
(large) populations will be prevalently found in early traits, but not in late traits 
(Goodwillie and Knight, 2006; Ishida, 2008). This explanation is in accord with 
the findings of Husband and Schemske’s (1996) review, that an increase of ID 
from low to high levels during the life cycle is typical for selfing plants, while 
outcrossing plants tend to suffer equally strong in early and late traits. With the 
mixed mating system of S. nutans, it appears that purging of (sub-)lethal alleles 
affecting seed traits is effective regardless of population size. 

Genetic variation and mating-system evolution 

We found significant variance in ID among paternal families for floral 
traits (with the exception of stamens) and seed-related fitness traits, whereas 
variance estimates were not significant for late fitness traits (Table 2). Apparently, 
there is an association between high ID and low genetic variation therein and vice 
versa. However, if we look at Figure 2, family-mean ID for late fitness traits was 
strongly variable, with an almost three-fold difference between the lowest and 
highest values for multiplicative fitness W2. In an additional analysis, where 
paternal families were treated as fixed effects, many significant pair-wise 
differences between paternal families were found for the fitness traits. Some 
families thus do have higher (or lower) ID than others, despite the lack of 
significant variation in ID in the tests of our main statistical model (2). 

Many other studies on this topic have found some genetic variation in ID, 
often reported as an interaction between family groups and ‘pollination treatment’ 
(e.g. Mutikainen and Delph, 1998; Jóhannsson et al., 1998, Fishman, 2001; Picó 
et al., 2004; Oakley and Winn, 2008). However, in most experiments such family 
variation includes a component due to differences in fitness among outcrossed 
offspring fertilized by different sets of pollen donors (Fox, 2005; Kelly, 2005). 
This bias makes it difficult to infer the existence or magnitude of genetic varition 
from family variation. In our study, we used a fully factorial crossing design 
(North Carolina II), i.e. all outcrossed paternal half-sib families included the same 
set of maternal plants, which minimizes the bias described above. 

The most exciting question about genetic variation in ID is whether it may 
change the conditions under which different types of mating systems are 
evolutionary stable (Uyenoyama et al., 1993). More specifically, genetic variation 
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in ID relaxes the conditions for the spread of selfing-modifier genes so that even 
with mean ID above 0.5 selfing-modifier genes may still spread. Hence, family-
level ID may be more important for mating-system evolution than population-
level ID (Kelly and Tourtellot, 2006). 

At the population level, the high (δ > 0.5) ID of multiplicative fitness 
observed in this study (Figure 1), suggests that the mixed mating system of S. 
nutans is not stable, but should evolve towards outcrossing (Goodwillie et al., 
2005). However, for all fitness parameters, including multiplicative fitness, there 
were families with ID below 0.5. For the cumulative fitness measure W2, that 
showed the highest average ID (δ = 0.74), there was a probability of ca. 5% for 
families to have ID lower than 0.5. Hence, complete outcrossing may be 
prevented by recurring evolution of prevalently selfing lines that suffer only 
moderately from ID, while evolution towards increased selfing will be prevented 
by the generally high ID in late fitness traits that apparently is difficult to purge. 
Thus, the mixed mating system of S. nutans may have been evolutionary stable 
over a long period of time. 
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