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Abstract:: Genetical reinforcement of small populations by adding seeds or individuals from other 
populationss may be an important management tool to prevent threatened plant species from extinction. 
However,, a negative consequence of mixing gene pools might be the reduction of plant fitness as 
coadaptedd gene complexes are disrupted. In the declining, self-incompatible perennial Arnica montana 
(Asteraceae),, we analysed the demographic consequences of inbreeding and outbreeding in five 
populationss of varying size. We analysed seed production and fruit weight following the pollination 
treatments.. From 1997 to 2000, plant growth, survival and flowering were monitored on plants 
introducedd as seeds and as four-week old seedlings in a field experiment. 
Reducedd seed set after selfing was due to self-incompatibility. There was significant heterosis for seed 
sett after inter-population crosses, probably due to low mate availability, in one of the small populations. 
Significantt but low inbreeding depression was observed for growth rates of plants introduced as 
seedlings.. We found significant heterosis for flowering probability of plants introduced as seeds, but for 
plantss introduced as seedlings, heterosis for seedling size and flowering probability was only marginally 
significant.. Although no outbreeding depression was observed in the F|, it may still be expressed in the 
forthcomingg generations as recombination of genes start to break up the coadapted gene complexes 
associatedd with local fitness. It is not clear to what degree the observed heterosis may outweigh this 
outbreedingg depression. Nevertheless, considering the rapid decline of A. montana in The Netherlands, 
geneticall  reinforcement of the numerous small populations may be more important than the possible 
negativee consequences of outbreeding depression. 

INTRODUCTION N 
Changess in land-use, land reclamation, and habitat deterioration have led to the decline of 
manyy plant species. During these processes, populations became smaller and many were 
eliminatedd altogether, increasing the degree of isolation of the remaining ones. Ecological 
habitatt restoration is an important measure with the aim to reestablish populations of 
(threatened)) target species. However, the regeneration of such species may fail for other 
reasonss than just the unsuitability of abiotic conditions. 

Manyy formerly widespread plant species are suffering from low reproductive success in 
smalll  and isolated populations (for a review, see Oostermeijer et al. 2000). In fragmented 
landscapes,, plant species may experience pollen limitation, due to reduced insect diversity 
andd abundance (Rathcke & Jules 1993, Kwak et al. 1998, Steffan-Dewenter & Tscharntke 
1999).. In species with a sporophytic self-incompatibility system, small population size may 
havee resulted in a loss of S-alleles due to drift, reducing cross-compatibility (DeMauro 1993, 
Reinartzz & Les 1994, Morgan 1999, Wilcock & Jennings 1999, Luijten et al. 2000). Besides 
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loww reproductive performance, reduced offspring fitness, observed in a number of declining 
plantt species, (Oostermeijer et al. 1994, Fischer & Matthies 1998a, Kéry et al. 2000, Luijten 
ett al. 2000), may also constrain the regeneration of the small populations. 

Ass populations become smaller, theory predicts that genetic drift causes a loss of genetic 
variationn and an increase of homozygosity as alleles drift to fixation. Furthermore, small 
populationn size enhances biparental inbreeding or, if genetically possible, selfing. Both modes 
off  reproduction lead to inbreeding depression, i.e., the reduction of fitness by increased 
homozygosityy (Charlesworth & Charlesworth 1987). The magnitude of inbreeding depression 
iss dependent on the mating system and the number of generations of inbreeding (Husband & 
Schemskee 1996). Inbreeding depression, mostly observed in predominantly outcrossing 
species,, could limit the regeneration of small populations despite optimal habitat conditions 
(Oostermeijerr 2000). 

Immigrationn of genes, as pollen or seeds, could counteract losses of genetic variation and 
loww levels of heterozygosity. However, genetic divergence among populations observed in 
manyy declining species implies that gene flow is low (Les et al. 1991, van Treuren et al. 1991, 
Dolann 1994, Raijmann et al. 1994, Godt et al. 1996, Fischer & Matthies 1998b, Luijten et al. 
2000).. Gene exchange is currently reduced in the actual human-influenced landscape, because 
pollinatorr movements have become restricted (Westerbergh & Saura 1994, Kwak et al. 1998) 
andd the diversity of dispersal processes of plants, associated with traditional farming, has 
diminishedd (Fischer et al. 1996, Poschlod & Bonn 1998). Regeneration from soil seed banks 
couldd be an important buffer against genetic impoverishment, but this does not hold for 
speciess with a transient seed bank. Consequently, the natural regeneration of small, 
fragmentedd populations or establishment of new populations has become complicated. By 
artificiallyy adding seeds or plants from other populations, population size and genetic 
variationn could be increased. 

Thee main concern of adding individuals from one population to another is outbreeding 
depression,, which is the reduction in offspring performance relative to the parents when 
spatiallyy separated and genetically differentiated gene pools are mixed (Dudash & Fenster 
2000).. There are two major causes underlying outbreeding depression, an ecological and a 
geneticall  (or physiological) explanation. (Templeton 1986, Dudash & Fenster 2000). The 
ecologicall  explanation is based on the mixing of gene pools of populations that are adapted to 
thee local environment. Crosses between differentiated populations will result in an offspring 
thatt is adapted to neither of the parental environments. The genetical explanation is the 
disruptionn of coadapted gene complexes that have evolved in either population irrespective of 
thee environment, such as for instance the epistatic interactions among loci that enhance plant 
fitness.. The opposite of outbreeding depression is heterosis, which is an increase of fitness 
relativee to the parents after hybridisation, as a consequence of increased levels of 
heterozygosity.. The heterosis effect may balance or outweigh outbreeding depression (Fenster 
&&  Dudash 1994). Hence, adding genes from other populations might be a serious option to 
restoree the viability of genetically depauperate populations of fragmented species. However, 
iff  outbreeding depression is associated with strong local adaptation, inter-population crosses 
mayy reduce offspring performance dramatically. Artificial gene flow to maintain genetic 
variationn and counteract the negative effects of inbreeding depression has been studied 
extensivelyy in captive and natural animal population, but is still largely unexplored for 
decliningg plant species (Storfer 1999). 
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Recentt studies on population viability of the rapidly declining, self-incompatible perennial 
plantt Arnica montana L. (Asteraceae) in The Netherlands, have found that small population 
sizee was associated with reduced seed set, offspring fitness and genetic variation (Luijten et 
al.. 2000). With the ongoing decline, the species has a very limited evolutionary perspective 
andd reinforcement of the genetically depauperate and small sized Arnica populations needs to 
bee considered if this species is to be preserved in The Netherlands. 

Thee aim of this study is to quantify the demographic consequences of inbreeding and 
outbreedingg on plant performance of A. montana. Pollination treatments were conducted in 
fivefive populations of various sizes. As fitness parameters, we first measured numbers and 
weightt of the seeds resulting from the experimental treatments. From 1998 until 2000, plant 
growth,, survival, and flowering probability were determined in the field experiment. Two 
groupss of offspring plants were analysed: plants that were sown directly into the field and 
plantss that were planted out as small seedlings. 

Wee realize that due to the long life span of A. montana, this experiment cannot fully detect 
thee genetic consequences of outbreeding that will be expressed mainly in later generations. 
Nevertheless,, it may yield important information on inbreeding, heterosis and the suitability 
off  different introduction methods. 

MATERIALSS AND METHODS 

Studyy species 
ArnicaArnica montana L. (Asteraceae) is a rosette-forming perennial of nutrient-poor grasslands and 
dryy heathlands. Its main distribution lies in mountainous regions of Central Europe (Hulten & 
Friess 1986). The species reproduces sexually with seeds and vegetatively by means of short 
undergroundd rhizomes. Flowering occurs in early summer, from the end of May until early 
July.. Each plant may have one or several flowering stems which can produce up to seven 
yellow,, nectariferous flowerheads. The species is highly self-incompatible (Luijten et al. 
1996)) and is visited by many different insects, but predominantly by hoverflies and various 
bee-speciess (Chapter 4). There is no persistent seed bank (Thompson et al. 1996); germination 
occurss either directly after seed-shedding in autumn or in the following spring. 

Habitatt fragmentation, eutrophication, and agricultural intensification have led to a rapid 
declinee of A. montana in The Netherlands. The species is also threatened because it is 
collectedd for medical use (Mennema et al. 1985). Since 1973, the species is legally protected. 
Itt was placed on the Dutch Red List in 1990 (Weeda et al. 1990). Despite the protected status 
andd restoration management of its habitat, the number of populations has declined by 70% 
overr the last thirty years (van der Meijden et al. 2000). Today, 60% of all remaining 
populationss in The Netherlands have a size of less than 25 individuals, which is below the 
(theoretical)) critical level for maintaining a sufficient number of mating types in self-
incompatiblee plant species (Byers & Meagher 1992). 

Experimentall study site 
Thee field experiment was performed in the nature reserve Schoapedöbe in the south-eastern 
partt of the province of Friesland. The Arnica population present at this locality could not be 
usedd in the experiment, because the number of flowering plants was too low. This means that, 
unfortunately,, local adaptation of the home population could not be tested. The experimental 
plotss were created in an abandoned arable field, which was colonised by grass- and heathland 
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Tablee 1. Experimental populations, showing population size (no. genets), the number of plants used in the 
crossingg experiment, and the number of flowerheads used per pollination treatment. 

Population Population 

Tynaarlo o 

Haveltee 5 

Haveltee 6 

Hooghalen n 

Pessee 1 

Buinerveldd 4 

Pessee 3 

Dwingelderveldd 2 

Population Population 
size size 

600 0 

150 0 

38 8 

5 5 

6 6 

400 0 

2 2 

11 1 

## Plants 

13 3 

17 7 

14 4 

15 5 

7 7 

14 4 

16 6 

17 7 

Self-Self-
pollination pollination 

8 8 

7 7 

10 0 

7 7 

7 7 

onlyy used 

onlyy used 

onlyy used 

Number Number ofof heads per pollination treatmen 

Intra-population Intra-population 

8 8 

9 9 

5 5 

6 6 

6 6 

ass pollen donor 

ass pollen donor 

ass pollen donor 

Inter-population Inter-population 
small small 

10 0 

15 5 

3 3 

3 3 

5 5 

Inter Inter -population -population 

large large 

7 7 

5 5 

10 0 

11 1 

6 6 

species,, amongst which A. montana. This site was chosen because the buffer capacity of the 
soill  reduced the risk of seedling mortality by the elevated concentrations of ammonium that 
oftenn occur shortly after sod-cutting (R. Bobbink, pers. com.). In April 1997, at least half a 
yearr before the start of the field experiment, the top layer of the vegetation of two strips was 
removedd to reduce competition and increase establishment probabilities. The strips measured 
1.55 by 8 meters and were situated parallel to each other, separated by two meters. 

Growingg of the mother plants 

Inn July 1996, we sampled ripe fruit heads in eight populations of various sizes (Table 1). In 
thee large populations, 19 to 24 flowerheads were collected. In the smaller populations, only 
threee to five flowerheads could be collected. In the laboratory, 100 seeds were sown per 
population.. The seeds were placed on wet filter paper in a petri-dish and set to germinate in 
thee greenhouse. Germination took place at 25°C with a light regime of 12h day/12h night. 
Fourr days after germination, seedlings had grown sufficiently to be planted into small, water 
soakedd peat pellets. Plants were placed in a randomized order in the greenhouse. In October 
1996,, after two months of growth, each plant was planted in a clay pot and placed in the 
experimentall  garden. A cold winter period and shortening of daylength are necessary to 
stimulatee flower development. 

Crossingg design 

Inn May 1997, plants in bud stage were transferred from the experimental garden into the 
greenhousee to prevent insect pollination. In June, the pollination experiment was performed in 
thee greenhouse. Plants were placed on tables and grouped according to their population origin 
too facilitate the complex crossings between and within populations. For the experiment, we 
usedd eight populations, of which three only served as pollen donor (Table 1). 
Al ll  plants received at least one of the following four treatments: (1) self-pollination, (2) cross-
pollinationn with pollen from plants from the same population (intra-population), (3) cross-
pollinationn with pollen from plants from two other small populations (inter-population small) 
and/orr (4) cross-pollination with pollen from two other large populations (inter-population 
large).. The crossings were performed by brushing the anthers of one or more male flowers 
takenn from a single capitulum against the stigmas of flowers in the female stage. The 
pollinationss were carried out every second day until all florets in a capitulum had been in the 

58 8 



DEMOGRAPHICC CONSEQUENCES OF INBREEDING AND OUTBREEDING 

femalee stage. Selling was conducted by manually brushing pollen over the stigmas within 
flowerheads,, avoiding cross-pollination. 

Afterr three weeks, ripened fruitheads were collected. Developed fruits (black and hard) 
couldd easily be distinguished from undeveloped ones (whitish and soft). Their sum was taken 
ass the total initial number of florets per capitulum to calculate seed set. In addition, mean 
individuall  fruit weight per flowerhead was calculated by dividing the total weight of all 
fertilizedd fruits by the total number of fertilized florets. 

Fieldd experiment to quantify plant performance 
Forr die field experiment, two groups with an equal number of plants were formed: seedlings 
andd seeds. For both groups, we established the same randomized complete block design with 
tenn blocks containing up to five replications (plants) from each treatment combination and 
populationn of origin. This gave up to 90 plants per block. The first group germinated in the 
greenhouse,, while the second group was sown in the field. For the first group, seeds were 
sownn in trays containing small compartments that reflected the randomized block design. The 
compartmentss were filled with nutrient-poor sand, which could easily be washed off the root 
systemm when the young seedlings were planted at the experimental site. After germination, the 
seedlingss received water with a Hoagland nutrient solution. In the beginning of November 
1997,, the four week-old seedlings were transplanted into the field, according to their position 
inn the trays determined by the randomized complete block design. We made sure that none of 
thee original sand substrate remained. In March 1998, the seeds were sown in the same 
randomizedd block design, but at alternate positions in a 10x10 cm2 grid. They were stuck into 
thee substrate at a 45° angle to prevent them from being washed away by rain water. 

Fromm 1997-2000 plant size and flowering were recorded for both groups of plants (seeds 
andd seedlings) in May and August 1998, August 1999, and June 2000. Plant size was 
estimatedd by a non-destructive method as the product of (1) the total number of leaves per 
rosettee (minus the cotyledons, but including vegetative side-rosettes), (2) the length and (3) 
thee width of the largest rosette leaf present at that moment. In earlier experiments, there was a 
closee relationship between this estimate of seedling size and the actual dry weight (r2=0.707, 
/T<0.0001).. In 2000, flowering was recorded as the number of flowering stems and 
flowerheads.. Both flowering heads and those in the bud stage were counted. If a plant was not 
foundd during a census, it was considered dead. 

Dataa analysis 
Wee used ANOVA and general linear models for a data analysis to test for effects of plot, 
treatment,, population and their interactions. We considered the populations from which seeds 
weree originally collected as a random sample from the Dutch Arnica populations, and hence 
treatedd population as a random effect. In the resulting mixed-model ANOVAs, the treatment 
effectt was therefore tested over the treatment x population interaction (Steel & Torrie 1980). 
Inn most analyses, we also partitioned the treatment effect into a contrast selfing vs. intra-
populationn cross-pollination and into another contrast, viz., intra-population vs. inter-
populationn cross-pollination. The first contrast (IBD) tests for inbreeding depression and the 
secondd one (OBD/HET), for outbreeding depression or heterosis. 

Seedd set was analysed by analysis of deviance of a logistic regression model (Collet 1994). 
Meann deviance ratios (approximate F-values, which are equivalent to F-values in ordinary 
ANOVA;; McCullagh & Nelder 1989) were built analogous to F-values in ANOVA. The level 
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Tablee 2 a-c. Mixed-model ANOVA of the effects of the pollination treatment (a) on the total number of seeds 
(square-roott transformed), (b) seed set and (c) fruit weight (x 1000). Seed set was modelled as a logistic 
regressionn model. Approximate F-values were calculated as appropriate ratios of mean deviances (MD; see text 
forr further details). 

SourceSource of variation 

Treatment t 

Population n 

Treatmentt x Population 

Residual l 

Total l 

df df 
3 3 

4 4 

12 2 

129 9 

148 8 

a)a) No seeds 

MS MS 

12.62 2 

5.44 4 

4.42 2 

7.37 7 

P P 
<< 0.001 

0.026 6 

0.269 9 

b)b) Seed set 

MD MD 

778.54 4 

118.15 5 

54.52 2 

21.53 3 

42.16 6 

P P 
<< 0.001 

<< 0.001 

0.005 5 

c)c) Fruit 

MS MS 

0.243 3 

0.329 9 

0.233 3 

0.089 9 

0.110 0 

weight weight 

P P 
0.408 8 

0.007 7 

0.004 4 

off  inbreeding depression was calculated as one minus the relative performance of selfing 
versuss intra-population cross-pollination. 

Plantt growth between August 1998, August 1999, and June 2000 for both plant groups 
(introducedd as seedlings and as seeds), was expressed as logio(size at time 2/size at time 1) for 
bothh successive growth periods. The analysis was conducted as a randomized complete block 
designn with split-plots in time, i.e., time was a factor within individual plants. With only two 
timee points, we did not have to make the strong repeated-measures assumption of equal 
correlationss between any two time points but just that of homogeneous error variances. Plots 
weree treated as fixed effects to be removed from the analysis in order to estimate the other 
effectss with more precision. F-tests were carried out according to the standard rules for mixed 
modelss (see e.g., Steel & Torrie 1980, and the skeleton analysis in Table 4). In both analyses, 
nonee of the three-way interactions (Plot x Pop x Treat, Plot x Pop x Time, Pop x Treat x Time, 
alll  p>0.2) proved significant, so we pooled them with the residual error term and present 
thesee analyses. 

Forr mortality rates of plants in the field experiment we adopted a proportional hazards 
modell  for interval-censored data, i.e., data where deaths are not recorded along a continuous 
timee axis but only at certain discrete points in time. It was implemented as a generalised linear 
modell  with complementary log-log link and binomial errors as explained in Collett (1994, p. 
2433 ft). Terms were tested using approximate F-values (mean deviance ratios). 

Floweringg probability in 2000 was analysed by analysis of deviance of a logistic regression 
modell  as described above. Approximate F-values were computed by building mean deviance 
ratioss according to the scheme in Table 6. For plants established from seeds, we did not fit a 
plott effect because so few data were available. All statistical analyses were carried out with 
thee software package Genstat (Version 5.4.1., Payne et al. 1993). 

a)) Seed number b) Seed set c) Fruit weight 
tUUii  1001 1.50-1 11 1(X)I l.SUi 

Uii 'uil (illl 
selfingg intra inter inter selfing intra inter inter selfing intra inter inter 

smalll  large small large small large 
Figuree 1 a-c. Means (+ 1 SE) of (a) seed number, (b) seed set and (c) mean fruit weight (x 1000) for the 
pollinationn treatments in Arnica montana. 
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RESULTS S 

Seedd numbers, seed set and fruit weight 
Thee total number of seeds per plant differed significantly between the treatments (Table 2a, 
Fig.. la). Selfing resulted in only 27 % of the seed production of the two inter-population 
crossingg treatments, and intra-population crosses in just 67 %. Selfing resulted in a 
significantlyy lower seed production than intra-population outcrossing (contrast IBD: F14 
=42.15,, /T=0.003) and inter-population outcrossing yielded significantly more seeds than 
intra-populationn outcrossing (contrast OBD/HET: Fi,4 =26.78, /T=0.007). 

Seedd set was also significantly different between the treatments (Table 2b, Fig. lb) which 
wass again mostly due to a low seed set after selfing (contrast IBD: Fi,4=28.43,^=0.007) and 
higherr seed set after inter-population outcrossing (contrast OBD/HET: Fi,4=10.56,/>=0.031) 
Selfingss produced only 33 % of the seed set that was produced by the two inter-population 
outcrossingg treatments, while intra-population crosses were at 88 % of that level. In addition, 
thee treatment effects varied between the populations (significant treatment x population 
interaction,, Table 2b, Fig. 2a). The most striking effect was found for the intra-population 
cross,, for which percentage seed set in the small population Hooghalen was much lower 
(0.15)) than in the other populations (0.69-0.87). Seed set in large populations (0.29-0.33) was 
onn average higher than in the smaller populations (0.10-0.22). 

Meann fruit weight was not affected by treatment (F3!i=l .05, p=0.408), nor were the IBD or 
thee OBD/HET contrast significant (p>0.2). However, the treatment effect varied among 
populationss (significant treatment x population interaction, Table 2c, Fig. 2b). For all three 
parameters,, significant differences were found among the five populations (Table 2a-c). 

Seedlingg size and growth rates of established plants 
Forr seedling size in October 1997, after one month of growth in the greenhouse, there was no 
significantt treatment main effect (Table 3), nor was there any evidence for inbreeding 
depressionn (IBD-contrast: Fi,4 =1.639, p=0.270). However, the OBD/HET contrast was 
marginallyy significant (Fit4 =7.098, p=0.056), showing some heterosis for seedlings derived 
fromm inter-population crosses. There was also a significant treatment x population interaction 
(Tablee 3, Fig. 2c). Large differences between populations were found for the treatments 
selfingg and both inter-population crosses. However, the most important contribution to this 
significantt interaction may be found in population Havelte 5, where seedling size was much 
largerr after inter-population crosses with small populations than with large populations (Fig. 
2c).. Also seedling size differed significantly among populations (Table 3). The largest 

Tablee 3. Mixed-model ANOVA of the effects of the pollination treatment on the size (square-root transformed) 
off  Arnica montana seedlings aged one month in October 1997. See text for details on how size was expressed. 
Treatmentt was tested over the treatment x population interaction and all other terms over the residual. 

SourceSource of variation df_ MS F_ £ 

Plot t 

Treatment t 

Population n 

Treatmentt x Population 

Residual l 

Total l 

9 9 
3 3 
4 4 
12 2 

729 9 
757 7 

106.61 1 

285.37 7 

907.66 6 

160.01 1 

32.77 7 

41.29 9 

3.25 5 

1.78 8 

27.70 0 

4.88 8 

<0.001 1 

0.203 3 

<0.001 1 

<0.001 1 
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seedlingss were found in population Tynaarlo (503.0 mm2), and the smallest in population 
Haveltee 6 (237.8 mm"). Seedlings of the other populations, Havelte 5 (411.1 mm2), 
Hooghalenn (394,1 mm") and Pesse 1 (396.9 mm2), were of intermediate and similar size. 

Theree was neither a treatment main effect nor a population effect on the growth rates of 
individualss planted as seedlings (Table 4a). However, significant inbreeding depression for 
plantt growth was found (contrast IBD: Fij4=10.24,/?=0.032), although the magnitude was 
smalll  (0=0.07). The OBD/HET contrast was not significant (Fi,4=3.520,/>=0.133). For plants 
introducedd as seeds, there was neither a treatment nor a population effect on growth rates 
(Tablee 4b), and neither the IBD nor the OBD/HET contrast were significant (p>0A5). 

1.00 " 

0.88 " 

0.6 6 

0.4 4 

0.2 2 

0.0 0 

a) ) 

j j hi hi 

ITT I 

I I 
2.5 5 

2.0 0 

1.5 5 

1.0 0 

0.5 5 

0.0 0 

b) ) 

9. 9. 

'4. '4. 

700 0 

600 0 

500 0 

400 0 

300 0 

200 0 

1000 1 

0 0 

c) ) 

selfing g intra a 
population n 

inter r 
population n 

small l 

intra a 
population n 

large e 

Tynaarlo o || | Havelte 6 Haveltee 5 Hooghalen n f " 11 Pesse 1 

Figuree 2 a-c. Means (+ 1 SE) of (a) seed set, (b) mean fruit weight (x 1000) and (c) seedling size at age 1 month 
off  Arnica montana for the pollination treatments in each population. 
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Tablee 4 a-b. Mixed-model ANOVA of the effects of the pollination treatment on growth rates of offspring 
grownn in the field site for (a) plants introduced as seedlings and (b) plants introduced as seeds. The skeleton 
analysiss shows how terms were tested. 

SourceSource of variation 

Plot t 

Treatment t 

Population n 

Treatmentt x Population 

Time e 

Plott x Time 

Treatmentt x Time 

Populationn x Time 

Residual l 

Total l 

SkeletonSkeleton analysis 

F F 

MSpbtt / MSpjot x Time 

MS-Tre** / MSrre»! x Pop 

MSp<jpp / MSpop x Time 

M S T n a t x P c p / M S R R 

MSjimee / MSpop x Time 

MSpiotxTinw/MSR R 

M S T r e a , x T i m e / M S R R 

M S P o p x T i r a e / M S R R 

MS S 

a)a) Plants introduced 

df df 

9 9 

3 3 

4 4 

12 2 

1 1 

9 9 

3 3 

4 4 

630 0 

675 5 

MS MS 

0.165 5 

0.045 5 

0.046 6 

0.079 9 

107.508 8 

0.723 3 

0.150 0 

0.118 8 

0.082 2 

0.251 1 

ass seedlings 

P P 

0.981 1 

0.648 8 

0.806 6 

0.482 2 

<0.001 1 

<0.001 1 

0.142 2 

0.224 4 

b)b) Plants introducec 

df df 

9 9 

3 3 

4 4 

9 9 

1 1 

9 9 

3 3 

4 4 

85 5 

127 7 

MS MS 

0.084 4 

0.012 2 

0.080 0 

0.064 4 

15.451 1 

0.183 3 

0.075 5 

0.116 6 

0.070 0 

0.200 0 

asas seeds 

P P 

0.870 0 

0.904 4 

0.639 9 

0.515 5 

<0.001 1 

0.010 0 

0.363 3 

0.164 4 

Survival l 
Inn the field, mortality of plants introduced as seedlings declined significantly with increasing 
agee from October 1997 to June 2000. Combining the first two periods, October 1997 to 
Augustt 1998, to yield three periods of approx. equal (annual) length, mortality rates in the 
firstt three years of life were 0.48, 0.12, and 0.04, respectively. There was no significant 
treatmentt effect on mortality (Table 5 a) and there was no evidence for inbreeding depression 
(FM =1.194, /T=0.336)) or outbreeding/heterosis (FM=4.588, p=0.099). Mortality of plants 
originatingg from different populations was again significantly heterogeneous. Mean 
mortalitratess were 0.21 in Tynaarlo (large), 0.29 in Havelte 6 (medium), 0.20 in Havelte 5 
(large),, and 0.21 and 0.20 in the two small populations, Hooghalen and Pesse 1, respectively. 

Plantss introduced as seeds showed the same pattern as those planted as seedlings, except 
thatt there now was a significant treatment x population interaction (Table 5b), indicating that 
thee effect of treatment on mortality differed among populations. Combining the two first 
periods,, mortality rates in the first three years declined from 0.91 to 0.13 and 0.03. 

Tablee 5 a-b. Survival analysis of Arnica montana plants derived from four pollination treatments over five 
censuss dates: November 97 (a) and March 98 (b), respectively, May 98, August 98, August 99, June 2000). We 
adoptedd a proportional hazards model for interval censored data which was implemented as a generalised linear 
modell  with complementary log-log link and binomial errors (Collett 1994). Census period denotes the four 
periodss between successive censuses. 

SourceSource of variation 

Censuss period 

Plot t 

Treatment t 

Population n 

Treatmentt x Population 

Residual l 

Total l 

a)a) Plants 

df df 
3 3 

9 9 

3 3 

4 4 

12 2 

1971 1 

2002 2 

introducedintroduced as seedlings 

MDMD p 

57.196 6 

1.891 1 

1.266 6 

3.324 4 

1.019 9 

0.941 1 

1.036 6 

<0.001 1 

0.035 5 

0.338 8 

0.007 7 

0.370 0 

b)b) Plants introduced 

dfdf MD 

3 3 

9 9 

3 3 

4 4 

12 2 

1122 2 

1153 3 

146.360 0 

2.488 8 

1.061 1 

8.058 8 

3.498 8 

0.741 1 

1.188 8 

asas seeds 

P P 

<0.001 1 

<0.001 1 

0.823 3 

<0.001 1 

<0.001 1 

63 3 
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Thus,, mortality was very similar between plants introduced as seeds and as seedlings, except 
forr the first period. The first rate is not directly comparable to that for plants established as 
seedlings,, because seeds were sown in spring 1998 instead of autumn 1997, and because the 
firstt mortality rate of the seeds also included the complement of the germination rate. The 
treatmentt effect and the IBD and the OBD/HET contrasts were not significant. 

Mortalityy rates were again heterogeneous between populations and not related to their size. 
Meann mortality rates of plants introduced as seeds were 0.80 in Tynaarlo (large), 0.87 in 
Haveltee 6 (medium), 0.69 in Havelte 5 (large), and 0.79 and 0.93 in the two small 
populations,, Hooghalen and Pesse 1, respectively. 

Thee mean percentage of surviving plants after three years of monitoring was higher for 
plantss introduced as seedlings (36.92%) man for plants introduced as seeds (0.07%). Survival 
wass significantly positively correlated with plant size (Log-linear regression: Wald chi-square 
=44.2,/?<0.001). . 

Flowering g 

Theree was a treatment effect on the probability to flower in the year 2000, for plants 
introducedd as seedlings (p=0.06; Table 6a) and for plants introduced as seeds (p=0.009; Table 
6b).. Plants in the inter-population crossing treatment had a greater probability to flower than 
thosee of the intra-population crossing and selfing treatments (Fig. 3). Accordingly, the 
contrastt OBD/HET for plants established as seedlings was marginally significant (F]  ,4=7.499, 
/7=0.052)) while the IBD contrast was not (Fi,4=0.517,p=0.512). There was an effect of 
population,, which was again not associated with population size. Probability of flowering was 
highestt in the large population Havelte 5 (0.39), intermediate (0.24-0.25) in populations 
Tynaarloo (large) and Pesse 1 (small) and low (0.19-0.20) in populations Havelte 6 
(intermediate)) and Hooghalen (small). For plants introduced as seeds, we observed flowering 
offspringg only in the two inter-population outcrossing treatments (Fig. 3), so the contrast 
OBD/HETT was highly significant while the IBD contrast could not be estimated. 

Tablee 6 a-b. Analysis of deviance of the effects on flowering probability in 2000 of treatment and population for 
(a)) Arnica montana introduced as seedlings and (b) as seeds. (MD: mean deviance; see text for further details). 
Noo plot effect was fitted in (b) due to small sample size. 

a)a) Plants introduced as 
seedlings seedlings 

dfdf MD 

99 3.019 

33 2.607 

44 3.199 

122 0.802 

3022 1.086 

3300 1.168 

P P 

0.018 8 

0.060 0 

0.021 1 

0.714 4 

b)b) Plants introduced as 
seeds seeds 

df df 

3 3 

4 4 

9 9 

47 7 

63 3 

MS MS 

--
1.488 8 

0.852 2 

0.207 7 

0.540 0 

0.557 7 

P P 

0.009 9 

0.177 7 

0.944 4 

64 4 

SourceSource of variation error term MD 

Plott Treat x Pop 

Treatmentt Treat x Pop 

Populationn Residual 

Treatmentt x Population Residual 

Residual l 

Total l 
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Figuree 3. Flowering probability of Arnica montana plants introduced as seedlings and as seeds. Note that 
theree were no flowering plants in the cross within and the selfing treatments for plants established as seeds. 

DISCUSSION N 

Reproductionn and cross-compatibility 
Pollinationn experiments showed that seed set was highly reduced after selfing. These results 
aree in agreement with earlier studies, which showed that A. montana is largely self-
incompatiblee (Luijten et al. 1996) and is expressing high outcrossing rates (Chapter 4). The 
occurrencee of reciprocal compatibility, one-way compatibility and reciprocal incompatibility 
inn response to an extensive cross-pollination experiment (Luijten, Karmelk, Van Mourik & 
Oostermeijer,, unpublished data) indicates a single locus, multiallelic, sporophytic genetic 
incompatibilityy system, which is generally observed in the family of Asteraceae (De 
Nettancourtt 1977). In species with a sporophytic self-incompatibility system, the rejection 
reactionn occurs at the stigma surface. In this respect, the existence of a self-incompatibility 
systemm itself may determine the observed inbreeding depression in A. montana for seed 
production.. However, pollen germination and pollen tube growth were not examined. Hence, 
itt might be that more ovules were fertilized, but that they were aborted because of early-
actingg inbreeding depression. Interestingly, seed production after selfing was higher in the 
largee populations and lower in the small ones. These results agree with our earlier observation 
thatt the proportion of self-fertile individuals is lower in small than in large populations 
(Chapterr 4). 

Wee observed a higher seed production for inter- than for intra-population crosses. This 
effect,, that could be interpreted as heterosis, was mostly due to low seed set associated with 
thee limited cross-compatibility within one of the small populations. The high seed set 
obtainedd after inter-population crosses in this population strongly suggests that the reduction 
inn seed set after intra-population crosses was more a consequence of insufficient numbers of 
S-alleless than of increased heterozygosity. A sufficient number of S-alleles in small 
populationss is vital for a successful reproduction of A. montana. Because the species has a 
transientt seed bank (Thompson et al. 1996), occasional recruitment is necessary to maintain a 
stablee population, even though the species also reproduces vegetatively (Eriksson 1989). 
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Smalll  and isolated populations of self-incompatible species are vulnerable to extinction if the 
availabilityy of cross-compatible mates falls below the number needed for the breeding system 
too function (DeMauro 1993, Reinartz & Les 1994). In the self-incompatible Rutidosis 
leptorrhynchoidesleptorrhynchoides (Asteraceae), there was a strong relationship between the number of S-
alleless and the reproductive population size, which closely paralleled the relationship found 
forr allozyme variation in the same populations (Young et al. 2000). Hence, the positive 
relationshipp between allelic richness and population size found in A. montana (Luijten et al. 
2000)) might also be present for S-allele diversity suggesting that the smaller Dutch 
populationss contain fewer S-alleles than the larger ones. Consequently, reproductive failure 
mayy pose a serious threat to the viability of A. montana in The Netherlands, because the 
majorityy of populations is smaller than 25 individuals, which has been estimated as the critical 
levell  to maintain a sufficient S-allele diversity (Byers & Meagher 1992). From a conservation 
perspective,, adding new individuals to small populations of self-incompatible species is 
thereforee essential to increase mate availability, despite possible negative effects of 
outbreedingg depression. 

Inbreedingg depression 

Inn A. montana, pollination treatments had no effect on the measured fitness parameters 
fruitt weight, seedling size, plant growth rates, and survival. This was both true for plants 
introducedd as seeds and as seedlings. Significant effects of treatment were only observed in 
statisticall  contrasts for inbreeding and outbreeding depression/heterosis. Growth rates of 
selfedd offspring showed a significant reduction compared to the outcrossed progeny, but only 
forr plants introduced as seedlings. These results are in agreement with the general observation 
thatt inbreeding depression in perennial, outcrossing plant species is expressed either early in 
thee life cycle, during seed maturation, or late, after the juvenile stage at plant growth or 
reproductionn (Husband & Schemske 1996). Moreover, these findings suggest that late-acting 
inbreedingg depression is due to weakly deleterious alleles, which are difficult to purge from 
thee population. 

However,, the average level of inbreeding depression for growth rates in A. montana was 
muchh lower than for other outcrossing perennials. This was much to our surprise and difficult 
too interpret, because A. montana is largely self-incompatible (Luijten et al. 1996) and highly 
outcrossingg (Chapter 4), which is usually associated with high levels of genetic load and thus 
alsoo with high inbreeding depression. A possible explanation might be that there is high 
postzygoticc inbreeding with lethal effects on maturing seeds, which results in a progeny with 
moree or less equal fitness. We could not detect this due to the self-incompatibility system. 
Anotherr explanation for the low inbreeding depression might be found in the fact that A 
montanamontana populations showed a rather low genetic diversity in comparison to other declining 
speciess (Luijten et al. 2000) and as compared to A. montana populations occurring in the 
centerr of the distribution area (Kahmen & Poschlod 2000). Perhaps the peripheral Dutch 
lowlandd populations have a lower genetic variation due to a founder effect or a historical 
bottleneckk or they might have experienced a long history of inbreeding due to isolation. In 
thatt case, lower levels of genetic load may be expected, resulting in lower levels of inbreeding 
depression. . 

Plantss introduced as seeds did not show inbreeding depression. This suggests that under 
fieldd conditions, selection is so high that only plants which are not inbred both germinate and 
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survivee the first life stage. Selection may initially have been limited among plants that started 
theirr life in the favourable conditions of the greenhouse (Dudash 1990, Barrett & Kohn 1991), 
soo that inbreeding depression could begin to have significant effects as soon as the seedlings 
weree planted out in the field. 

Outbreedingg depression and heterosis 
Inn A. montana, none of the measured fitness parameters provided evidence for outbreeding 
depression.. According to theoretical models, outbreeding depression is unlikely to occur in 
thee Fi generation, because all the individuals are heterozygous at a maximum number of loci 
(Dudashh & Fenster 2000). In agreement with this theory, heterosis was found for seed 
productionn (but see above), seedling size, and probability of flowering. Since none of the 
parentall  plants were outcrossed with the population of the experimental site, heterosis could 
nott have been enhanced by incrossed genes or gene combinations that increased adaptiveness 
too the local environment. 

Heterosiss for plants introduced as seedlings was only marginally significant, while it was 
highlyy significant for seeds sown in the field, at least for the probability of flowering. This 
differencee may be due to higher selection pressures in the field than in the greenhouse (see 
previouss section). The number of plants declined in both groups, but the mortality rate in the 
firstfirst year for plants introduced from seeds was much higher than for plants introduced as 
seedlings.. It might be that germination and seedling survival in the field is lower than in the 
greenhouse,, where it is very high (Luijten et al. 2000). 

Thee increase in fitness of plants after inter-population crosses indicates that (some of) the 
populationss were already inbred to some degree, and that crossing increased levels of 
heterozygosityy and masked mildly deleterious alleles. A similar result has been found for the 
decliningg perennial species Gentiana pneumonanthe (Oostermeijer et al. 1995a). 

Despitee the observed heterosis, inter-population crossing may still have a negative effect 
onn plant fitness in the long-term. Continued random mating reduces the higher heterozygosity 
levell  associated with heterosis by one half in the next generation, and consequently reduces 
thee expression of heterosis by one-half. Recombination within the first and forthcoming 
generationss can lead to the breakdown of coadapted gene complexes, if there is no selection. 
Thiss may still result in outbreeding depression, even though there was heterosis initially 
(Dudashh & Fenster 2000). In contrast to annual species, outbreeding depression in perennials 
mayy take much longer to express, because of overlapping generations. However, because in 
thiss particular case there are no populations involved that were locally adapted to the 
Schoapedöbee site, new coadapted gene complexes need to be formed. This may work best 
whenn genotypes of many populations are mixed. The significantly different performance of 
thee studied populations in this introduction site suggests that using a single population for 
reintroductionn is in itself hazardous. 

Onlyy very few studies have examined the magnitude of outbreeding depression for more 
thann one generation. In the outcrossing annual Chamaecrista fasciculata (Fenster & Galloway 
2000a,, 2000b), outbreeding depression was investigated through to the F3 generation and an 
effectt of heterosis was found only in the first generation. For the F2 and F3 generation, a 
reductionn in offspring fitness was observed, but often not to lower levels than observed in the 
parents.. However, F3 plants derived from cross-pollinations among populations separated 
fromfrom very distant localities (separated by more than 1000 km), showed a decline in fitness to 

67 7 



CHAPTERR 5 

lowerr levels than in either parental plants, indicating outbreeding depression. A practical 
examplee of outbreeding depression is the introduction of seed mixtures of wildflowers 
producedd by commercial suppliers, which are usually located in foreign countries. 
Experimentall  mixing of gene pools of those seed mixtures with local Swiss populations of the 
speciess Agrostemma githago, Papaver rhoeas, and Silene alba revealed negative outbreeding 
effectss in the F2 generation (Keller et al. 2000). Hence, mixing of gene pools of very distant 
populationss (> 1000 km) can lead to outbreeding depression, probably because it mainly 
involvess adaptation to climatic conditions on a larger geographic scale. Fenster and Galloway 
(2000a)) did not find any outbreeding over intermediate distances (several 100 kms), and 
suggestedd that if distances among populations are not too large, outbreeding depression may 
bee of littl e concern to conservation. In contrast, Fischer & Matthies (1997) suggested that 
cautionn is necessary in using artificial gene flow as a management tool. They based this on 
theirr finding of outbreeding depression (already in the F] and in a common environment!) for 
crossess between populations of the biennial Gentianella germanica separated by only 25 km. 
However,, the fitness reduction in the Fi was only significant in comparison with crosses over 
aa distance often meters and not with crosses over a shorter distance. Since G. germanica has 
aa relatively high degree of selfing and is occasionally visited by bees, the normal mating 
distancee is likely to be much shorter than ten meters. In this respect, it is questionable whether 
inter-populationn crosses would indeed reduce fitness in comparison with the normal situation 
forr this species. 

Conservationn implications 

Sincee our study, like most others, could not analyse the effect of inter-population crosses on 
thee long-term (i.e., until the breakdown of coadapted gene complexes can have a significant 
effect),, it is still difficult to conclude that small populations of A. montana should be restored 
byy adding individuals from other populations. It is clear that more research is needed on that 
topic.. However, an elaborate crossing study involving several generations might take at least 
tenn years for perennial species. Although such studies will give valuable information on the 
existencee of coadapted gene complexes and their effects on plant vigour, it will take too much 
timee for the presently rapidly declining species, for which immediate action should be taken 
(Frankhamm 1995). 

Forr instance, the majority of Dutch A. montana populations is so extremely small, that it 
cann be expected that in the very near future only a handful of populations will be left if no 
immediatee action is taken. It remains uncertain if the observed heterosis can balance or 
outweighh the reduced offspring performance observed in the small parental populations. In 
addition,, for any sensible number of individuals to be added in a reinforcement project, the 
sizee of the reintroduced population will exceed the present size by far. In this respect, it is 
questionablee if we should be concerned about the negative consequences of the breakdown of 
coadaptedd gene complexes, because if the gene pool is large and genetically variable, thee best 
adaptedd individuals will be probably selected for (Tecic et al. 1998). The significant 
differencess among populations for various fitness components suggest that reinforcement of 
smalll  populations or reintroduction at sites with suitable habitat conditions is best achieved by 
usingg material from several populations and preferably from not too large distances as 
isolationn enhances genetic differentiation (Wright 1943). Similar conclusions have been 
postulatedd by Helenurm (1998) and Van Groenendael et al. (1998). We suggest that large 
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numberss of seedlings or seeds should be used, because inbred individuals are likely to be lost 
inn the initial stages of the introduction, reducing the subsequent population size. Using adult 
plantss is another option, but this has two drawbacks: (1) it is more costly and laborious to 
introducee large numbers, and (2) as they grow up in an experimental garden or greenhouse, 
theree is no expression of inbreeding depression, so that effectively also inbred and poorly 
adaptedd genotypes are introduced. Using seeds is easier, cheaper, and provides a good 
bioassayy for the suitability of the site for germination and establishment. 

Besidess genetical reinforcement to restore population fitness, adding new individuals to 
populationss of self-incompatible plants may improve mate availability. High diversity of S-
alleless is necessary to ensure a high seed set, which is important for the persistence of the 
population,, and also for reintroductions. For the self-incompatible daisy Rutidosis 
leptorrhynchoides,leptorrhynchoides, Young et al. (2000) predict that mate availability will drop below 50% in 
diploidd populations smaller than 60 reproductive individuals. Considering that approximately 
75%% of the Dutch A. montana populations are of smaller size, mate availability is most likely 
aa serious problem in many populations as is witnessed by their extremely low seed production 
(Luijtenn et al. 2000). Small numbers of S-alleles may lead to selection for self-compatible 
individuals,, shifting the breeding system towards mixed mating or even selfing. This has been 
foundd in Aster furcatus (Reinartz & Les 1994). However, it is unlikely that in the near future 
self-incompatibilityy will be lost in small populations of A. montana, because self-compatible 
individualss were nearly only found in larger populations and not in small ones (Chapter 4). 
Besidess large numbers of S-alleles, sufficient numbers of pollinators are essential for the 
transportationn of compatible pollen within the population. An increase of population size can 
enhancee its attractiveness to the pollinators, especially when the facilitation effect of co-
floweringg species is insufficient (Rathcke 1983, Kwak et al. 1998, Oostermeijer et al. 1998). 

Inn conclusion: considering the ongoing, rapid decline of A. montana in The Netherlands, 
reinforcementt of small, remnant populations by either sowing of seeds or planting of 
individualss should take place at short notice, before it is too late. We feel that the risk of 
outbreedingg depression is not high enough to wait with this type of genetic rescue until long-
termm data become available. 
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