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Abstract:: Habitat fragmentation and small population size can strongly effect the reproductive success 
inn species depending on pollinators or cross-pollination. Most Asteraceae have a generalist pollination 
syndromee and are self-incompatible. Members of this family may suffer less from pollination limitation 
andd more from limited cross-compatible mates resulting from drift. However, pollinator limitation may 
increasee the number of self-fertile plants, but increased homozygosity associated with the higher selfing 
ratess might lower plant performance. 
Inn the rare, self-incompatible Arnica montana (Asteraceae), flower visitors and visitation rates were 
investigatedd in a large and small population. In the large population, we observed a high and a low plot 
densityy of flowering stems. In the small population one plot was studied, resembling the low density plot 
off  the large population. In the same two populations and a third large one, outcrossing rates, and the 
relationshipp between individual heterozygosity and plant size were analyzed. In eleven populations of 
variouss sizes, cultivated from seed samples, seed set after manual self-pollination was tested in the 
greenhouse. . 
ArnicaArnica montana was visited by hoverflies, 'other flies', butterflies, bees, beetles and bugs. In the large 
population,, hoverflies and butterflies were the main visitors, while 'other flies' was the dominating group 
inn the small population. All visitors carried heterospecific pollen. Hoverflies and bees bore significantly 
moree pollen and conspecific pollen than beetles and butterflies. We assume that hoverflies and 
honeybeess were the most efficient pollinators. 
Thee mean number of approaches to a genet and the number of flowerheads visited per genet were 
positivelyy correlated with the number of heads per genet, and they did not significantly differ among the 
plots.. The mean number of visits per flowerhead was independent from the number of flowerheads per 
genet.. However, the visitation rate per flowerhead was significantly lower in the high density plot than 
inn the low density plot and the small population. 
Populationn size was positively correlated with the median seed set after hand selfing, which disagrees 
withh the hypothesized breakdown of the Si-system in small populations. In all three populations, 
outcrossingg rates were high, suggesting that self-incompatibility still functions. In the small population, 
fruitss within a capitulum had on average been sired by a higher number of pollen donors. This was in 
agreementt with the higher visitation rate in that population,, but additionally suggests that mate 
availabilityy is still sufficient. Offspring performance was positively related with individual 
heterozygosity,, indicating that outcrossing is very important to maintain fitness. 

INTRODUCTIO N N 
Inn Europe, nutrient-poor ecosystems are characterized by relatively high plant species 
diversity.. Habitat fragmentation, eutrophication, and changes in land use have changed the 
speciess composition of these specific plant communities. The last decennia, many populations 
havee disappeared or declined in number and size. This makes the species vulnerable to local 
extinctionn because of genetic, demographic and environmental stochasticity (Ellstrand & 
Elamm 1993, Menges 1991a, Menges 1992). 

A A 
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Manyy formerly common obligate outcrossing plant species that rely on pollinators showed 
aa decline in seed set as populations became smaller (Les et al. 1991, Godt et al. 1996, Colas et 
al.. 1997, Morgan 1999, Oostermeijer 1999, Kéry et al. 2000, Luijten et al. 2000). In several of 
thesee species it is not directly clear whether seed production was reduced only by a lack of 
pollinatorr visits, or because of insufficient cross-compatible mates, stigma clogging with 
heterospecificc pollen, inbreeding, or direct environmental effects. Pollinators, however, are of 
primee importance for successful reproduction in many plant species. As populations become 
smaller,, the abundance and diversity of pollinators declines (Rathcke & Jules 1993, Kwak et 
al.. 1998, Steffan-Dewenter & Tscharntke 1999), and consequently plant-pollinator 
interactionss are disrupted, often leading to reduced seed set. 

Besidess being prone to reduced pollinator service, rare self-incompatible plants face 
anotherr problem concerning their reproductive success. Reduction in population size leads to 
geneticc drift, which reduces allelic diversity, including the number of S-alleles. However, in 
smalll  populations variation for S-loci may be maintained through fecundity selection 
(Vekemanss et al. 1998). Self-incompatibility systems require large numbers of S-alleles to 
preservee cross-compatibility, but computer simulations showed that small populations are not 
ablee to maintain high numbers of compatible mates (Byers & Meagher 1992, Imrie et al. 
1992)) and this will affect sexual reproduction negatively. In extreme situations, populations 
mayy consist of only a single mating type (DeMauro 1993, Wilcock & Jennings 1999). In 
severall  species, however, it was observed that the self-incompatibility system is not complete. 
Artificiall  self-pollination in natural (Luijten et al. 1996, Lipow et al. 1999) and experimental 
populationss (Byers 1995, Reinartz & Les 1994, Messmore & Knox 1997, Giblin & Hamilton 
1999)) has shown that seed set varied between individuals and among populations. Insufficient 
numberss of S-alleles and/or a lack of pollinators might give self-compatible genotypes a 
selectivee advantage (Reinartz & Les 1994). However, establishment of self-fertile genotypes 
iss only possible if inbreeding depression is low, which is unlikely in obligately outbreeding 
species.. In the rare Gentiana pneumonanthe, individual offspring performance was strongly 
correlatedd with the number of allozyme loci they were heterozygous for (Oostermeijer et al. 
1995b).. This strongly suggests that the higher levels of homozygosity associated with 
inbreedingg would reduce plant performance and increase the risk of population extinction 
(Oostermeijerr 2000). 

Inn The Netherlands, Arnica montana (Asteraceae) is an example of a formerly common 
perenniall  plant which, owing to habitat fragmentation and deterioration, is declining rapidly. 
Presently,, the species only occurs in a few large (up to 800 individuals) and many smaller 
populationss (<50 individuals). The species is largely self-incompatible and thus depends on 
pollinatorss for pollen exchange between compatible genotypes. However, we have found 
variationn among individuals in their ability to self-fertilize in a medium-sized population (c. 
2000 individuals), indicating a partial breakdown of the self-incompatibility system (Luijten et 
al.. 1996). Natural seed production is positively related with population size, but it remained 
unclearr whether this was due to insufficient pollinator service or low numbers of compatible 
matess (Luijten et al. 2000). 

Wee hypothesize that reproductive failure in small populations in species with a generalist 
pollinationn system, such as A. montana, is rather a consequence of limited mate availability 
thann of pollinator limitation. On the other hand, we expect small populations to have more 
self-compatiblee genotypes than large populations, because they would be selected for through 
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theirr higher reproductive assurance than that of self-incompatible plants. A strong positive 
relationshipp between heterozygosity and plant performance could counteract this selection, 
however.. To answer these hypotheses, we investigated the following aspects of the 
reproductivee success of A. montana: (1) In one small and one large population we roughly 
identifiedd the insects visiting the species, analysed the pollen loads on their bodies and 
determinedd their visitation rates in dense and sparse patches of flowering plants. (2) In the 
samee two populations and a third large one, we analyzed the outcrossing rate to find out to 
whatt degree selfing occurs. (3) In 11 populations of varying size that we kept in the green-
house,, we tested the ability to set seed after hand selfing. (4) The offspring, analysed for the 
outcrossingg rates, was used to determine the relationship between the number of heterozygous 
allozymee loci of individual plants and their growth performance in a common environment. 

MATERIA LL  AND METHOD S 

Thee species 
ArnicaArnica montana flowers in early summer from the end of May until early July. Each plant 
mayy have one to several flowering stems which each can produce up to seven flowerheads 
(capitula).. Flowerheads are yellow, 5-8 cm in diameter and produce nectar. The ray florets are 
femalee and the protandrous tubular florets are hermaphrodite. On the first day of flowering, 
floretss present their pollen, which is brushed out at the top by the growing style. On the 
secondd day, the stigma unfolds and exposes the two receptive lobes to pollination. Each day, 
fivee to ten florets open. The large capitula flower for an average often days. There is no seed 
bankk and germination occurs either directly in autumn or in the following spring. 

Flowerr  visitors, body pollen load and visitation rate 
Inn 1999 in the north of the province of Drenthe (The Netherlands), flower visitation was 
studiedd in one small population (Oudemolen) and one large population (Tynaarlo). Both 
populationss were situated at the foot of a railroad embankment at a distance of 2.3 km from 
eachh other. The heathland patches occupied by the populations are small (0.25 hectares) and 
aree surrounded by agricultural fields. In the small population (c. 100 genets) 38 % of the 
plantss were flowering. The large population consisted of c. 800 genets, of which 54% were 
flowering. . 

Inn the large population we staked out two plots of 2x2m2. One plot contained many flower-
headss (n=249) on 18 genets and one had fewer flowerheads (n=51) on 11 genets. In the small 
populationn only one 2x2m2plot was marked. This plot with 53 flowerheads on ten genets 
resembledd the low-density plot in the large population. We assessed which stems belonged to 
thee same genet on the basis of phenotypic similarities in hairiness, ray floret shape, etc. 

Observationn time was 15 minutes per plot and each plot was observed once per hour. If 
twoo observers were available, simultaneous observations were made in both populations. The 
observationss were made during peakk flowering from June 15 until June 25 between 9.00 and 
18.000 h. Each plot in population Tynaarlo was observed 35 times while the number of 
observationss on the plot in population Oudemolen was 45. This difference was corrected for 
inn the data analysis. 

Genetss in the plots were numbered and the flowerheads with open florets were counted 
beforee each observation. When an insect entered the plot, we identified it to family/order level 
andd recorded every transition it made between the flowerheads and genets. In this way, we 
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Tablee 1. Total numbers of observed flower visitors per insect group and the mean number of flowerheads visited 
perr observation period for the plots Oudemolen, Tynaarlo HD (high-density of flowerheads), and Tynaarlo LD 
(low-densityy of flowerheads). Different letters indicate significant differences in number of insects 

InsectInsect groups (mainly observed species) 

Hoverfliess (Helophilus, Eristalis and Meredon spp.) 
Butterfliess {Maniolajurtina) 
Otherr flies 
Beetless (Oedemera sp.) 
Solitaryy bees (Lasioglossum sp.) 
Honeybeess (Apis melliferd) 
Bumblebeess (Bombus sp.) 
Bugss (Miridae) 

Totall  number of individuals 

Oudemolen Oudemolen 

655 a 
144 a 

1422 a 
599 a 
2 2 

54 4 
2 2 

42 2 

380 0 

TynaarloTynaarlo HD 

513b b 
1400 b 
466 b 
14b b 
6 6 

720 0 

TynaarloTynaarlo LD 

2711 c 
588 c 
388 b 
8b b 

6 6 

381 1 

heads/visit heads/visit 

3.8 8 
2.3 3 
1.3 3 
1.2 2 
1.3 3 
6.4 4 
1.5 5 
1.0 0 

obtainedd information about the movements between genets, the number of flowerheads visited 
perr genet, and the number of visits per genet for each insect group. In between observation 
periods,, pollen loads were collected with a piece of sticky gel from the bodies of various 
insectss groups visiting A. montana (Kearns & Inouye 1993). Per sample, the numbers of 
pollenn grains of A. montana and other plant species were counted. Fortunately, A. montana 
wass the only flowering species belonging to the subfamily Asteroideae, so that its pollen 
couldd be distinguished from the co-flowering Asteraceae, which belonged to the other 
subfamilyy (Moore et al. 1991). 

Outcrossingg rate, seed samples and starch gel electrophoresis 

Inn two large populations of c. 400 flowering genets (Tynaarlo and Buinerveld 4) and one 
smalll  population of c. 40 flowering genets (Oudemolen), ripe flowerheads were collected to 
determinee the population outcrossing rates. The number of open pollinated heads sampled, 
differedd among populations. In population Oudemolen we sampled 11 flowerheads, 19 heads 
inn population Buinerveld 4, and 30 heads in population Tynaarlo. Per collected flowerhead, 
300 viable seeds were germinated and plants were raised in the greenhouse at 20°C and a 13:11 
hh light:dark ratio. Allozyme analysis at four loci (est-p, me-2, 6pgd-2 and skd), as previously 
describedd in Luijten et al. (2000; Chapter 3), was conducted on the raised offspring. 

Plantt  performance and heterozygosity 

Too analyse the relationship between plant size and the number of heterozygous loci, a subset 
off  the plants used for the outcrossing analysis was measured after they had grown for six 
monthss under equal conditions in the greenhouse, in a randomized order. We estimated plant 
sizee from the product of the total number of leaves, and the length and the width of the largest 
leaf.. We measured 30 randomly chosen plants for each heterozygosity class (0-4), which was 
basedd on the number of allozyme loci that were heterozygous. During the selection of plants 
forr the analysis we did not consider the population origin of a plant. However, because the 
threee populations were equally well represented in the sample, we also decided to test whether 
thee relationships were similar among populations. 

Abilit yy for  self-fertilization in relation to population size 

Artificiall  self-pollination was performed on plants in the greenhouse cultivated from seed 
sampless of 11 natural populations of various size. Details about sampling, germination, and 
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cultivationn of the plants are described in Luijten et al. (2000; Chapter 3). Per genet, one 
flowerheadd was selfed by manually brushing pollen over the stigmas, avoiding cross-
contamination.. Flowerheads were treated several times to increase the chance that all open 
floretsflorets in a flowerhead were self-pollinated. After three weeks, ripened capitula were 
collected.. Developed and undeveloped fruits were counted. Developed fruits could easily be 
distinguishedd from undeveloped ones because in A. montana the former are black and hard 
andd the latter whitish and soft. Their sum was taken as the total initial number of florets per 
capitulumm to calculate the percentage seed set. 

Dataa analysis 
Too equalize variances and achieve normally distributed residuals in regressions, several 
variabless were transformed prior to analysis. Differences in the frequency distribution of 
flowerr visitors in the plots were tested with a Pearson's chi-square test. Differences between 
insectt groups for the total number of insect pollen grains, the number of conspecific pollen 
grainss and the proportion of A. montana pollen were tested with an one-way ANOVA. The 
totall  number of pollen grains and the number of conspecific pollen grains were log-
transformed,, while the percentages of pollen were square root transformed. Differences 
betweenn plots in visitation parameters (number of approaches to a genet, the number of heads 
visitedd per genet after an approach, and the number of visits per flowerhead) were tested with 
ann one-way ANOVA as well. Regression analysis was used to test the relationships between 
(1)) the above mentioned flower visitation parameters and the number of flowerheads per 
genet,, (2) the relationship between population size (flowering genets) and the mean 
percentagee of seed set after hand selfing, and (3) the relationship between the number of 
heterozygouss loci and plant size. Prior to analysis, the number of flowers and population size 
weree log-transformed and percentage seed set was square-root transformed. 

Estimationn of mating system parameters was done with the computer program MLTR 
(Ritlandd 1996). Maximum likelihood estimates of single-locus (/s) and multilocus (tm) 
outcrossingg rates were calculated following the mixed-mating model with maternal genotypes 
inferredd from progeny arrays (Brown & Allard 1970). Correlation of outcrossed progeny 
withinn arrays (the probability that individuals from the same maternal family share the same 
father),, was calculated following Ritland's (1989) progeny pair model. For the calculation of 
estimatess the Expectation-Maximization (EM) method was used, because family outcrossing 
ratess estimates were greater than one (K. Ritland pers. comm.). Standard errors for estimates 
off  ts, tm, and rp were based on 500 bootstraps with resampling among mother plants. To test if 
outcrossingg rates were significantly different from zero, we calculated the associated 
confidencee intervals. 

RESULTS S 

Frequenciess of flower visitors 
Thee spectrum of flower visitors in the small population Oudemolen (Table 1) differed 
significantlyy from both plots in the large population Tynaarlo (Pearson chi-square =751.5; 
pO.001).. The largest group of visitors in the small population was 'other flies' (37%), which 
comprisedd mainly a variety of small black flies. The second group consisted of several species 
off  different insect orders with similar frequencies: hoverflies (17%), beetles (16%), honey-
beess (14%), and bugs (11%). Butterflies were seen infrequently (4%) and bumblebees and 
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solitaryy bees only rarely (<1%). In the large population, fewer insect groups were seen. The 
mainn visitors were several species of hoverflies (71 %), followed by butterflies (19%). The 
groupp 'other flies' visited A montana only occasionally (appr. 8%). Solitary bees and beetles 
weree rarely seen (<2%). The number of hoverflies and butterflies was significantly largest in 
thee high-density plot, intermediate in the low-density plot and lowest in the small population 
Oudemolenn (Table 1). Hoverflies, butterflies, honeybees, and bumblebees made more 
transitionss between flowerheads than solitary bees, beetles, other flies, and bugs. In 
populationn Tynaarlo  90% of the visitors moved actively between flowerheads, whereas this 
wass only 36% in population Oudemolen. In this population the majority of flower visitors 
visitedd only a single flowerhead during an observation period. 

Insectt  pollen loads 

Al ll  examined insect species carried heterospecific pollen. The total number of pollen grains 
(Tablee 2) differed significantly among the four main insect groups (F3,26=13.255;pO.OOl). 
Thee total number of pollen grains on hoverflies and bees was significantly higher than on 

Oudemolen n Tynaarloo (HD) Tynaarloo (LD) 

a)a) Number of approaches to a genet 

5_15=1.33*0.155 0=0.536, p=0.016) __ 1=1.24*0.20 0=0.721,psO.001) 

|| I . ' 
##

,, 0=0.624, p=0.004) 

t : : 

b)b) Number of heads visited per genet per approach 

22 5 8 ((=0.528, p=0.017) 

bb 2.0-1 

II  1-5 
c c 

1.0 0 
0.5 5 

.. : « 

88 (f=0.808,ps0.001) 

 J 

88 (n=0.734,p=0.001) 

c)c) Number of visits per flowerhead 

1.55 _ 7 (/=0.376, p=0.059) 

1.0 0 

0.5 5 

0.0 0 

o.o o 

!V V 
II I -

0.4 4 
- 11 1 

1.2 2 

logg (heads/genet) 

22 (^O.O01,p=O.885) 

 %:". w 
0.00 0.5 1.0 1.5 2.0 

logg (heads/genet) 

66 0=0.012,/>=0.746) 

* : : 

0.00 0.2 0.4 0.6 0.8 1.0 

logg (heads/genet) 

Figuree 1 a-c. The relationships of the pooled insect groups between the number of inflorescences per genet and 
a)) the number of approaches to a genet, b) the number of heads visited per genet per approach and c) the number 
off  visits per head for the three plots in Arnica montana. Visitation parameters are given per observation period 
(155 min). Each graph shows the mean value (x) and standard error. In parentheses the correlation coefficients 
withh their significance level are given. 
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Tablee 2. Mean numbers of total pollen grains, conspecific pollen grains and percentage Arnica montana pollen 
grainss collected from the bodies of insect groups. Insect species are grouped at order level and are pooled over 
thee two populations. Different letters (superscript) in column indicate significant differences 

InsectInsect groups 

Hoverflies s 
Bees s 
Butterflies s 
Beetles s 

n n 

19 9 
5 5 
4 4 
2 2 

totaltotal grains 

17811 a 

727* * 
933 b 

577 b 

(range) (range) 

(147-4198) ) 
(166-1561) ) 
(15-139) ) 
(33-80) ) 

## Arnica grains 

9288 a 

3755 * 
77 c 

133 te 

(range) (range) 

(40-3102) ) 
(18-1447) ) 
(3-15) ) 
(11-14) ) 

%% Arnica 

44% % 
34% % 
17% % 
25% % 

Tablee 3. Total flowerhead visitation specified for the individual insect groups per plot in Arnica montana (a) 
meann number of genets visited per plot visit, (b) maximum number of genets visited per plot visit, (c) mean 
numberr of visits per flowerhead 

InsectInsect groups 

Hoverflies s 
Butterflies s 
Otherr flies 
Beetles s 
Solitaryy bees 
Honeybees s 
Bumblebees s 
Bugs s 

Total l 

Oudemolen Oudemolen 

a a 

2.77  0.3 
1.88 3 
1.22 0 
1.11 1 
1 1 
3.77  0.5 
1 1 
1 1 

b b 

16 6 
5 5 
2 2 
4 4 
1 1 

18 8 
1 1 
1 1 

c c 

7.77 0 
0.77  0.3 
3.88 9 
1.99 4 

<0.1 1 
7.44 1 
0.11 1 
0.66  0.3 

22.33 1 

Tynaarlo Tynaarlo 

a a 

2.33  0.2 
2.00  0.2 
1.11 0 
1 1 
1.66 4 

b b 

12 2 
14 4 
2 2 
1 1 
3 3 

HD HD 

c c 

6.22  0.6 
1.99 3 
1.33 2 
0.11 0 
0.11 1 

9.66 1 

a a 

2.55 1 
1.55 2 
1.11  0.1 
1.22 2 
1.22 2 

TynaarloTynaarlo LD 

b b 

11 1 
5 5 
2 2 
2 2 
2 2 

c c 

19.44 7 
1.11 3 
1.00 2 
0.22 1 
0.22 1 

21.99 8 

beetless and butterflies. Differences existed also in the number of conspecific pollen grains 
(^3,26=15.321,, /KO.001). Hoverflies and bees carried more conspecific pollen than butterflies 
andd beetles. Butterflies and beetles carried similar low amounts of conspecific pollen. The 
totall  conspecific number of pollen grains sampled from the body varied largely among 
individualss within insect groups, especially for hoverflies and bees. The percentage of A. 
montanamontana pollen grains was not significantly different between the four main groups (ANOVA 
^3,26^2.669,^=0.066),, although the percentage on butterflies was marginally significantly 
differentt from that carried by hoverflies (Tukey HSD multiple comparison, p=0.053). 

Flowerr  visitation and the number  of flowerheads 
Too qualify the relationships between the number of flowerheads and the different visitation 
ratee parameters, insect groups were pooled. In the three plots, positive relationships were 
foundd between the number of flowerheads and the number of approaches to a genet (Fig 1 a), 
andd the number of flowerheads visited per genet after an approach (Fig lb). However, the 
numberr of visits per flowerhead was independent from the number of flowerheads per genet 
(Figg lc). No significant differences were found between plots for the number of approaches to 
aa genet (F2,36=0.119, p=0.888) and the number of flowerheads visited per genet after an 
approachh (F2,36=2.101,/T=0.105). However, visitation rate per flowerhead differed 
significantlyy between plots (F2,36=14.391, p<0.001). Flowerheads in the low-density plot and 
thee small population received twice as many visits as those in the high-density plot (Fig. lc). 

Sincee flower visitor spectra differed between populations, we partitioned several flower-
headd visitation parameters by insect group. In the large population Tynaarlo, hoverflies 
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Tablee 4. Mean seed set and mating system estimates and standard errors of two large populations (Tynaarlo and 
Buinerveldd 4) and one small population (Oudemolen). (7„,=multilocus outcrossing rate, ;,=single-locus 
outcrossingg rate, J„,-?,=multiIocus minus single-locus outcrossing rate, r,,=paternal correlation of outcrossed 
progenyy and \lrp=  estimate of the average paternal size of the mating pool. 

Population Population 

Oudemolen n 
Tynaarlo o 
Buinerveldd 4 

seedseed set 

5 5 
2 2 
4 4 

t,„ t,„ 

0 0 
6 6 
0 0 

'., , 
9 9 
5 5 
1 1 

tm-ts tm-ts 

8 8 
3 3 
2 2 

rrP P 

4 4 
5 5 
9 9 

l/rl/rp p 

5.6 6 
3.1 1 
3.6 6 

showedd the highest contribution to the visitation per flowerhead (Table 3), and also the 
highestt frequencies. In the small population the visitor group 'other flies' had the highest 
frequencyy (34%), but their contribution to the total visitation per flowerhead was only 18%. 
Moreover,, they only visited 1.2 genet per observation period. In this population, hoverflies 
andd honeybees, together 31% of the total visitors, showed the highest contribution to the total 
visitationn rate (67%). 

Outcrossingg rates 

Seedd set was high in all populations. All three populations showed high outcrossing rates 
(Tablee 4) which were not significantly different from one. Differences between multilocus 
andd single-locus outcrossing rates were negligible in the populations. The correlated paternity 
(thee probability that sibs share the same father) was lowest in the small population. Here, the 
estimatedd number of fathers that contributed to the offspring was twice as high in Oudemolen 
ass in the two larger populations Tynaarlo and Buinerveld 4. 

Plantt size, pooled over the three populations, was positively correlated with the number of 
heterozygouss loci per individual (r2=0.15, Fi, i32=23.3,;?<0.001). Within each population, 
similarr significant relationships were found between plant size and the number of 
heterozygouss loci, although the slope of the regression line was smaller in population 
Buinerveldd 4 (Fig. 2). 

250 0 

200 0 

ISO--

'SS § 100 

50' ' 

0JJ r-
0 0 

-- Tynaarlo (F[  51=18.8, p<0.001) 
-- Oudemolen (F, 29=5.7, p=0.024) 
-- Buinerveld4(F,48=5.3, p=0.026) 

11 2 3 

Numberr of loci heterozygous 

Figuree 2. The relationship between plant size and the number of heterozygous loci in three populations of 
ArnicaArnica montana. 

48 8 



FLOWERR VISITATION, OUTCROSSING RATE AND INDIVIDUAL HETEROZYGOSITY 

Thee abilit y for  selfing in relation to population size 
Seedd set after manual self-pollination (an indicator of self-compatibility) was generally low in 
alll  populations, ranging from 4.3 % in the small to 14.8% in the large populations. However, 
inn all populations variation among individual plants was found. This variation was most 
pronouncedd in the larger populations, where some individuals showed a remarkably high seed 
sett of more than 70% (Fig 3). Completely self-fertile plants were absent in the smaller 
populations,, but they occur in relatively low frequencies in the large populations. The average 
self-compatibilityy was positively correlated with population size (Fig. 4). 
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Figuree 3. The distribution of seed set after hand selfing arranged from small to large populations of Arnica 
montana.montana. In parentheses several measures of population size are given (total number of ramets, genets and 
floweringg genets, respectively). 
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Figuree 4. The relationship between the self-
fertilit yy rate and the number of flowering 
genetss per population in Arnica montana. 
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DISCUSSION N 

Thee flower visitors and their  pollination potential 
Asteraceaee are known to be visited by a large variety of insects (Proctor et al. 1996). In The 
Netherlands,, A. montana was visited by several species of hoverflies, some (small) flies, 
butterflies,, honeybees, bumblebees, solitary bees, beetles, and bugs. All examined flower 
visitorss carried heterospecific pollen and the total pollen load varied considerably between 
species.. Combining their pollen load with visitation rates and relative frequencies, we 
assessedd their potential as an effective pollinator. Deposition of pollen on the stigma or seed 
sett after a single visit, however, is a better measure of estimating pollinator efficiency (Motten 
1983,, Herrera 1987, Kearns & Inouye 1994), but these parameters are difficult to study in 
Asteraceae. . 

Inn general, bee species are considered to be the most effective pollinators, because they 
carryy large amounts of pollen and also deposit many pollen grains on stigmas (Herrera 1987, 
Kwakk 1993, Kwak & Velterop 1997, Mahy et al. 1998). However, bumblebees and solitary 
beess were rarely present in both our study populations, probably because the diversity of 
floweringg plants in the vegetation was low or nesting abilities were scarce. In this study, large 
hoverfliess and honeybees carried the highest proportion of conspecific pollen, were present in 
largee numbers, and visited many different genets per foraging bout in the plot. This makes 
themm potentially the most effective pollinators within the flower visitor assemblage of A. 
montana.montana. Honeybees, however, were only observed in the small population, probably because 
off  the presence of a beehive in the direct vicinity. Their role as a natural pollinator is rather 
unpredictablee if their visitation depends on the presence of a beehive. 

Butterfliess also visited many genets, but their frequencies as well as conspecific body 
pollenn loads were rather low. We might have underestimated their pollen load, because the 
longg proboscis was not unrolled to sample the adhering pollen (Proctor et al. 1996). However, 
duringg nectaring, their bodies were positioned high above the florets, so pollen adherence 
fromm the anthers and subsequent deposition on the receptive stigmas seemed unlikely. We 
thereforee assume that butterflies contribute relatively little to the pollination of A. montana. 
Thee role of butterflies as pollinators varies greatly. They are either classified as poor 
(Jennerstenn 1984, Kwak & Velterop 1997, Mahy et al. 1998), or as important pollinators 
(Herreraa 1987, Conner et al. 1995). 

Pollenn loads on beetles were also rather small. Moreover, they spent most of the time on a 
singlee flowerhead, which makes them poor pollen vectors. Similar observations hold for bugs 
andd small flies. Little is known of the pollination potential of beetles, bugs, and 'other (small) 
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flies'.flies'. Beetles, in general, are not considered very important flower pollinators in cool-
temperatee climates, although flower-visiting beetles are more active than many other beetles 
(Proctorr et al. 1996). Velterop (2000) found low pollen deposition and high residence times 
forr small flies on Scabiosa columbaria. Hence, we assume that, at least in the studied Dutch 
populations,, beetles, bugs, and 'other (small) flies' play a minor role as pollinators of A. 
montana. montana. 

Flowerr  visitation rates 
Inn the large population, plants with many flowerheads at a high density attracted more visitors 
thann plants with few flowerheads at a low density. Plants in the small population attracted 
similarr numbers of visitors as the low-density plot in the large population. The number of 
headss visited after an approach increased with the number of heads per genet in both 
populations.. Our results largely agreed with many other studies, if we consider the pollination 
unitss flowerheads to be similar to flowers (e.g., Schmitt 1983, Klinkhamer & de Jong 1990, 
Dreisigg 1995, Robertson & Macnair 1995, Kunin 1997, Brody & Mitchell 1997, Goulson et 
al.. 1998, Ohashi & Yahara 1998, Bosch & Waser 1999). However, the number of flowers 
visitedd by a pollinator did not increase proportionally with inflorescence size. This will either 
resultt in a decline in visitation per flower (Schmitt 1983, Klinkhamer & de Jong 1990), or the 
numberr of visits per flower remains constant as inflorescence size increases (Dreisig 1995, 
Robertsonn & Macnair 1995, Brody & Mitchell 1997, Ohashi & Yahara 1998). The 
relationshipss between flower density and visitation rates were less clear. Visitation rates were 
foundd to be either independent of plant density (Klinkhamer & de Jong 1990, Dreisig 1995, 
Boschh & Waser 1999), increasing with flower density (Thomson 1981, Campbell & Motten 
1985),, or declining with flower density (Sowig 1989, Kwak 1994). The number of visits per 
flowerheadflowerhead in A. montana was also independent of the number of flowerheads per genet in the 
threee plots. However, visitation rate per flowerhead was twice as low in the patch with many 
flowerheads.flowerheads. The plot in the small population received a similar number of visits per 
flowerheadd as the low-density plot. In these plots, genets are small (fewer flowerheads) and 
scattered,, so insects have to visit more of them to obtain similar amounts of food. As a result, 
insectss have to switch more between genets and revisit the same genets more often in the 
smalll  population. Each visit is an opportunity to receive outcross pollen, because selfing is 
geneticallyy prevented in most individuals of A. montana. An increase in the number of visits 
perr flowerhead will therefore increase the chance of receiving pollen from a compatible mate. 
Genetss with many flowerheads received fewer visits per flowerhead and the probability that 
thee same flowerhead is revisited is lower than in plants with few heads. 

Capabilityy of selfing and plant performance 
Inn several self-incompatible species, variation in the degree of self-compatibility is found 
amongg individuals (Cabrera & Dieringer 1992, Byers 1995, Luijten et al. 1996, Vogler et al. 
1998,, Lipow et al. 1999, Young & Brown 1999, Hiscock 2000), but so far it has been scarcely 
examinedd in relation to population size. A bagging experiment in the self-incompatible 
TrolliusTrollius europaeus showed that differences in autogamous seed set were found among 
individuals,, but the proportion of self-fertile individuals was not related to population size 
(Brattelerr & Widmer 1998). Although this shows that T. europaeus is self-compatible, the 
experimentt was not appropriate for testing variation in self-incompatibility, as there may have 
beenn variation in the rate of auto-deposition as well. In A. montana, auto-deposition is always 
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low,, but seed set after manual selfing varied among individuals (Luijten et al. 1996). In the 
presentt study, plants showing a high level of self-compatibility (seed set after manual selfing 
>70%)) were only found in the larger populations. The positive correlation between the 
proportionn of self-compatible plants and population size does not support the hypothesis that 
selectionn has led to higher frequencies of self-compatible plants in small populations (cf. 
Reinartz&Less 1994). 

Increasess of the frequency of selfing genets may be inhibited in a self-incompatible species 
likee A. montana, because selfing will probably expose high levels of genetic load. The genetic 
populationn structure observed in an earlier study did not indicate a long history of inbreeding 
(Luijtenn et al. 2000). The positive relationship between plant performance and individual 
heterozygosityy that we observed suggests that more homozygous plants had lower growth 
ratess and therefore might have lower survival, especially under field conditions. Similar 
relationshipss have been found in the perennial species Gentiana pneumonanthe (Oostermeijer 
ett al. 1995) and Liatris cylindracea (Schaal & Levin 1976). Inbreeding depression may 
thereforee form a constraint on the increase of self-compatible individuals in the case of 
significantt turnover rates in the declining populations. On the other hand, the lower 
proportionn of self-compatible genets in small populations might be a result of their 
eliminationn by drift, because they occurred in relatively low frequencies in the formerly large 
populations.. The high proportions of heterozygous individuals in small populations (Luijten et 
al.. 2000) and the relationship between heterozygosity and plant performance support our 
hypothesiss that heterozygous individuals may have had higher survival during the decline of 
thee populations. Drift thus may be the more likely scenario explaining the low proportions of 
self-compatiblee genets in small populations. 

Outcrossingg rates 

Frequenciess of self-compatible plants were relatively low in the large populations, but despite 
variablee self-compatibility, the species appeared to be highly outcrossing in both small and 
largee populations. Deposition of self-pollen besides cross-pollen is obvious on self-
incompatiblee plants, because visitors change frequently between genets, but also revisit them. 
Inn many (partly) self-compatible species is shown that cross pollen tubes grew faster than self 
pollenn (Watkins & Levin 1990, Stephenson et al. 2000), which will result in a progeny that is 
predominantlyy sired by outcross-pollen, like we found in A. montana. Or, perhaps we did not 
samplee heads from self-compatible plants, simply because they occur in relative low 
frequencies. frequencies. 

Highh outcrossing rates and seed set showed that sufficient numbers of different S-alleles 
weree still present in the small and large populations. Different S-alleles can be preserved in 
smalll  populations, because the self-incompatibility system itself maintains S-alleles through 
fecundityy selection (Vekemans et al. 1998). However, if population turnover remains absent, 
whichh is often the case in declining populations, genetic drift eventually reduces mate 
availability.. Variation in seed set among years in the small population (Luijten, Karmelk, van 
Mourikk & Oostermeijer, unpublished data) suggests that the effective mate availability is less 
inn some years than in large populations. 

Thee relatively low value of correlated paternity in the small population in comparison to 
bothh large populations was striking, because small populations are expected to have fewer S-
alleless than large populations. However, in other studies the opposite was found, where the 
offspringg in small populations was sired by fewer fathers, and by more in large populations 
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(Youngg & Brown 1998, Young & Brown 1999). An obvious explanation may be the higher 
visitationn rates per flowerhead and the larger number of genets visited in the small population 
inn comparison to the large one. In this respect, it seems more advantageous to have fewer 
headss per individual plant, because it increases not only the number of fathers, but it also 
increasess the number of S-alleles sampled from the total mating pool. In the large population, 
wheree the total number of different S-alleles is expected to be larger, the effective mating pool 
wass smaller. Hence, the observed difference in paternal correlation rather seems a reflection 
off  the foraging behaviour of the visiting insects than of the number of mating types. 

Populationn size and density influence search patterns of flower visitors (Goulson 1999). In 
aa small population with sparsely distributed plants, foragers are likely to adopt a non-random 
foragingg pattern. They will visit nearly every flowering individual, because the reward per 
plantt is low. In the large population, where plants occur at different densities, patches with 
manyy flowers attract more visitors. In these patches, random search patterns are impossible, 
soo genets are more likely revisited than in a sparse population. Also the difference in foraging 
behaviourr between honeybees and hoverflies may contribute to the difference in correlated 
paternity.. Honeybees are known for their ability to forage systematically, but this behaviour 
hass not yet been documented in hoverflies. They could have played an important role in the 
observedd high correlation of paternity in the progeny. 

Inn conclusion, A. montana has a generalist pollination system. Hoverflies and honeybees 
weree potentially the most effective pollinators. Despite variation in self-incompatibility 
betweenn individuals, especially in the large populations, high outcrossing rates were found. 
Outcrossingg is important, because low heterozygosity is likely to result in lower offspring 
performancee which will reduce population fitness. Small populations are still highly self-
incompatiblee and thus highly pollinator dependent. We have not found direct indications that 
matee or pollinator availability is low in the small population. However, highly variable seed 
sett among years in this small population (Luijten, Karmelk, van Mourik & Oostermeijer, 
unpublishedd data), suggests that mate availability is not always guaranteed. In addition, the 
lowerr number of flowerheads per plant in sparse populations seems to be an advantage, 
becausee it increases the chance of mating with another compatible plant, but then only if 
sufficientt numbers of pollinators are present. 
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