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Kirchner, F., Luijten, S. H., Imbert, E., Riba, M., Mayol, M., Gonza´lez-Martı´nez, S. C., Mignot, A. and Colas, B. 2005. Effects of local density on insect visitation and fertilization success in the narrow-endemic Centaurea corymbosa (Asteraceae). / Oikos 111: 130 /142. Plant population size and density can influence the interactions between plants and pollinators, and affect plant reproductive success. We investigated the effects of local conspecific density on insect visitation and fertilization success in the rare, cliffdwelling, self-incompatible Centaurea corymbosa , in which fecundity plays a key role in variation in population growth rate among years and among the six extant populations. Plant size, capitulum size, the abundance of co-flowering species, and the weather conditions were added as covariates in the analyses. Over three populations and two years (1995 and 2002), fertilization rate was positively related to the number of flowering conspecifics within 10 m. Fertilization rate varied among populations, but this variation over all six populations in 2002 could not be attributed to differences in population size. Observations in one population in 2003 showed that there was no difference in insect visitation per capitulum between plants in sparse vs dense patches whilst plants from sparse patches suffered reduced fertilization rate. Visitation and fertilization rates were not affected by plant size and the abundance of co-flowering species, but weather conditions at the time of flowering had a strong effect on both variables. Capitulum size had a positive effect on visitation rate, but an effect on fertilization rate only in 1995 and 2002 and not in 2003. Our results suggest that pollen limitation affects fertilization rate in C. corymbosa due to limited compatible mate availability rather than pollinator limitation. They agree with previous genetic results derived from paternity analysis. Whether or not the benefits of local spatial agregation to reproductive success result in increased individual fitness will depend on the relative reduction in survival of vegetative stages due to intra-specific competition. F. Kirchner and B. Colas, Conservation des Espe`ces Restauration et Suivi des Populations, Muse´um National d’Histoire Naturelle, 55 rue Buffon, FR-75005 Paris, France ([email protected]). / S. H. Luijten, E. Imbert and A. Mignot, Laboratoire Ge´ne´tique et Environnement, Institut des Sciences de l’Evolution, Univ. Montpellier 2, Place Euge`ne Bataillon, FR-34095 Montpellier, France. / M. Riba and M. Mayol, Centre de Recerca Ecolo`gica i Aplicacions Forestals, Univ. Auto`noma de Barcelona, ES-08193 Bellaterra, Barcelona, Spain. / S. C. Gonza´lez-Martı´nez, Unidad de Gene´tica Forestal, Centro de Investigacio´n Forestal, Instituto Nacional de Investigacio´n Agraria y Tecnologı´a Alimentaria, ES-28040 Madrid, Spain.



Population size is known to be a major factor determining the potential for persistence of natural populations over the short or mid term and the capacity to adapt to environmental changes over the long run. Small popula-



tions are more susceptible than others to stochastic processes affecting both their demographic functioning (Menges 1991, 1992, Holsinger 2000) and their genetic composition and dynamics (Barrett and Kohn 1991,
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Young et al. 1996). These processes ultimately result in increased chances of stochastic extinction with decreasing population size (Shaffer 1981, Menges 1992). Moreover, small populations may be subject to threats linked to deterministic processes, as initially described by Allee (Allee 1931, 1951). The so-called Allee effect corresponds to a positive relationship between the fertility and/or survival of individuals and the number or density of conspecifics (Stephens et al. 1999). The consequence is a reduced individual fitness with decreasing population size or density (Lamont et al. 1993, Groom 1998, Hackney and McGraw 2001). In plants, the benefits of conspecifics presence mainly concern increased pollination and fertilization success. For a large number of plant species, pollination success depends on animal vectors (Proctor et al. 1996) and may be influenced by a number of attributes of plants or populations. At the plant level, individuals with a high number of flowers are generally more attractive and receive more visits by pollinators than smaller individuals with few flowers (Klinkhamer and de Jong 1990, Dreisig 1995, Brody and Mitchell 1997). However, as the proportion of flowers visited per plant by a pollinator usually decreases with plant size, the number of visits per flower can either increase (Schemske 1980, Klinkhamer et al. 1989), remain constant (Dreisig 1995, Brody and Mitchell 1997), or decline (Klinkhamer and de Jong 1990, Mitchell 1994) as plant size increases. Within individuals, in species where flowers are grouped in flowerheads, large flowerheads usually appear to be better pollinated than smaller ones (Andersson 1991, Andersson and Wide´n 1993). Moreover, low population or patch size may affect the attraction of pollinators because small populations or patches may be less apparent and/or offer lower pollen and nectar rewards (Rathcke 1983, Sih and Baltus 1987). As a consequence, flowers will be less visited, resulting in lower seed set ˚ gren 1996, Groom 1998). However, even when low (A population size or density do not affect flower visitation, seed set can still be limited by a decrease in pollen transfer. This can be the case when too few individuals of a particular species occur in an area with many other flowering species, leading to a dilution of conspecific pollen in the pollen load carried by generalist visitors and deposited on stigmas (Feinsinger et al. 1991, Kunin 1993, Aizen and Feinsinger 1994). In species showing a self-incompatibility system, the ‘‘quality’’ of pollen brought to stigmas may be further limited when the diversity at the self-incompatibility locus is reduced (DeMauro 1993, Wilcock and Jennings 1999). Within populations of self-incompatible, insect-pollinated species, seed set may thus be limited in sparse patches because of either few pollinator visits, low conspecific pollen loads, low compatible pollen availability, or a combination of these factors. OIKOS 111:1 (2005)



An Allee effect can occur in response to low population size (the number of individuals in a local population or a patch) and/or low population density (the number of individuals per unit area, or the average spacing between neighbouring individuals). Most studies carried out in natural or experimental plant populations showed that low densities were associated with reduced pollination success (e.g. in natural populations: Feinsinger et al. 1986, Allison 1990; in experimental populations: Feinsinger et al. 1991, Kunin 1997) and reduced seed set (e.g. in natural populations: Roll et al. 1997, Bosch and Waser 1999; in experimental populations: Kunin 1993, Van Treuren et al. 1994). The exceptions were for self-compatible species, where reproductive success depended more on resource availability than on pollinator service (Mustaja¨rvi et al. 2001). Many studies also showed that large population size had a positive effect on pollination (Aizen and Feinsinger 1994), seed or fruit production (Lamont et al. 1993, Luijten et al. 2000, Hackney and McGraw ˚ gren 1996, Groom 2001, Brys et al. 2004), or both (A 1998, Hendrix 2000). But some found no effect of population size on both pollination and reproductive success (Aizen and Feinsinger 1994, Kunin 1997) and, in several cases, population size even had a negative effect on pollination (Sowig 1989, Aizen and Feinsinger 1994, Molano-Flores et al. 1999, Leimu and Syrja¨nen 2002). From studies published to date, low population density appears, in almost all cases, to lower conspecific pollen deposition and resulting seed production, whereas low population size does not necessarily cause reduced pollination and reproductive success even if this tendency is the most frequently observed. One problem in the interpretation of such results from natural plant populations is that the size and the ˚ gren density of a population are often correlated (A 1996). Moreover, reproductive success in small populations may also be reduced for genetic reasons, such as increased seed abortion due to inbreeding depression (Barrett and Kohn 1991, Young et al. 1996). In this study, we investigated insect visitation and fertilization success in relation to population size and density in natural populations of the rare cliff-dwelling Centaurea corymbosa , and we compared the present results obtained from field ecological data to genetic results previously obtained on pollen dispersal (Hardy et al. 2004b) and correlated paternity (i.e. the fraction of offspring pairs sharing the same father, Hardy et al. 2004a). Centaurea corymbosa is a largely self-incompatible, monocarpic perennial plant species known from only six natural populations. Results from eight years of demographic survey showed that variation in fecundity among years and populations played a key role in explaining the temporal and spatial differences in population growth rate (Fre´ville et al. 2004). Paternity analysis with microsatellites markers showed that pollen 131



dispersal was limited (50% of the fertilizing pollen moved less than 11 m), although long-distance, withinpopulation pollen dispersal was not negligible (Hardy et al. 2004b). Within maternal progeny arrays, about one fifth of offspring pairs were full-sibs, and this level of correlated paternity appeared to result from limited mate availability (Hardy et al. 2004a). These genetic results suggest that reproductive success in C. corymbosa may be affected by local density and population size. In particular, the fertilization rate of ovules is expected to be lower in sparse patches because of limited pollen dispersal and self-incompatibility. It may also be lower in small populations if they are small enough to have undergone a reduction in their diversity of self-compatibility alleles. Moreover, as small patches and populations may be less attractive to insects, we can expect a deficit in pollinator availability, further reducing fertilization rate. A previous study by Colas et al. (2001) showed that local density (number of conspecific flowering neighbours within 10 m) had a significant positive effect on fertilization rate in two flowering periods (early and mid-flowering of 1995) out of four (no significant effect in late flowering 1995 and mid-flowering 1996). They also showed that the smallest population among the four included in their study had the lowest fertilization rate. In this paper, we examined the relationships between fertilization success and population size, local conspecific density, plant size, and capitulum size, using data from Colas et al. (2001) from one year and three populations together with a new data set from all six C. corymbosa populations in a second year. In addition, we compared insect visitation data with fertilization success data in one population in order to disentangle the effects of limited pollinator availability from those of limited mate availability on fertilization rate. The main questions addressed were: 1) does population size affect fertilization success, 2) is there a relation between local conspecific density and fertilization success, and 3) do local density and/or the distance to the closest flowering neighbour affect insect visitation?



Material and methods Study species Centaurea corymbosa Pourret (Asteraceae) is a cliffdwelling plant species endemic to the limestone Massif de la Clape located near Narbonne (southern France) along the Mediterranean sea. The plants grow both on cliffs and in nearby rocky areas up the cliffs. Only six natural populations are known, separated by distances from 0.3 to 2.3 km, although suitable cliffs occur all over the 50 km2 massif (Colas et al. 1997). The mean number of flowering individuals per population over the period 1995 /2004 ranged from 17 to 193 (Table 1). Centaurea corymbosa is monocarpic perennial. Most of the seeds germinate during the autumn following summer dispersal and the plants then grow as vegetative rosettes during two to more than 10 years before flowering (mean generation time 5.5 years, B. Colas et al., unpubl.). Flowering begins in early May and can extend through mid-August with a peak in June. Flowering individuals produce 1 to 200 capitula (mean 35), maturing sequentially on several stems, and die after flowering. All flowers in a capitulum have a tubular corolla, but the outer ones are sterile flowers with long petals presumably serving as attracting organs, while the inner ones are short-petalled hermaphroditic flowers with one ovule per flower. Inner flowers are protandrous, but maturation of flowers in a capitulum is centripetal so that anthers and stigmas in the same capitulum can be mature at the same time. The complete flowering of a capitulum, from the male stage of peripheral inner flowers to the end of stigmas receptivity of central flowers, lasts four to six days. Pollination is insect mediated, the main flower visitors being Hymenoptera, Coleoptera and Lepidoptera. The plant is largely self-incompatible as shown by a selfing experiment in controlled conditions which resulted in a fertilization rate lower than 3% (Fre´ville 2001). The selfing rate estimated from a paternity analysis carried out in the medium size population Au in 2000 was 1.6% (Hardy et al. 2004b). Since no significant departure from Hardy /Weinberg expectations was found using either enzymatic (Colas et al.



Table 1. Size (number of flowering individuals) and location of the six known populations of Centaurea corymbosa . Population



Les Auzils La Crouzade Enferrets 1 Enferrets 2 Peyral Les Portes
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Au Cr E1 E2 Pe Po



Size



Location



mean over 1995 /2004



in 2002



97 17 162 193 37 30



89 19 152 182 11 29
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1997) or microsatellite (Fre´ville et al. 2001) markers, each population can be considered as a panmictic unit. The average distance between mates was estimated to be 21.6 m (Hardy et al. 2004b). Fruits (achenes) are made up of one seed (3 /4 mm) and a pappus about as long as the seed. They mature and disperse during summer. Achene dispersal distances are very short, most of them simply falling within a few tens of centimeters from the mother plant (average distance 32 cm, Colas et al. 1997), although rare long-distance dispersal events may occur by adhesion of the pappus to the fur or feathers of animals.



Population size, local density, and fertilization success In 2002, we collected capitula in the field from plants randomly sampled in the six populations. Capitula collection was repeated three times along the flowering season in the large populations (Au, E1, and E2), at early (28 May to 10 June), mid (17 to 22 June), and late (4 to 9 July) flowering periods. In the three smallest populations (Po, Cr and Pe), capitula collection was done at mid flowering only. Each capitulum was taken at maturity just before opening and release of both seeds and withered corollas (about 2 /3 weeks after its flowering). We censued the total number of individuals flowering that year in each population to obtain population sizes. For each sampled individual, we recorded the number of flowering C. corymbosa within a 10 m radius (local conspecific density) and the distance to the closest flowering conspecific (distance). The numbers of buds, flowering capitula and senesced capitula were counted on each sampled plant at the time of collection and added to give a measure of plant size. In total, 306 capitula from 151 flowering plants were collected in the six populations (1 /3 capitula per individual per flowering period). We counted for each capitulum the numbers of unfertilized ovules, aborted, eaten and viable seeds. Aborted seeds were distinguished from unfertilized ovules as the latter were white, unexpanded, and less than 1 mm long, whereas the former were light brown, lengthened, and 1 /4 mm long. Although they constituted two clear, distinct categories, we can not exclude that some ovules considered as unfertilized were actually early aborted zygotes. The sum of unfertilized ovules, aborted, eaten and viable seeds gave the number of ovules initially present. As we also collected the withered corollas, we could check for each capitulum that the initial number of ovules calculated was equal to the number of inner (fertile) flowers collected, indicating that no achene had dispersed before capitula collection. The number of inner flowers was used as a measure of capitulum size. OIKOS 111:1 (2005)



To investigate whether the relationship between local density and fertilization success differed among years, we added to the 2002 data described above previous data by Colas et al. (2001) collected in 1995 (163 capitula from 107 individuals). Their data were collected in the same way as in the present study in the three large populations (Au, E1, and E2) at early, mid, and late flowering periods (one capitulum per individual per flowering period). They included local conspecific density, nearest-neighbour distance, and plant size, recorded for each sampled individual. The entire data set thus consisted of fertilization and density data from three populations and three flowering periods in 1995 and 2002, and from all six populations at mid-flowering in 2002.



Local density, insect visitation, and fertilization success In June 2003, we marked 32 individuals of C. corymbosa from one population (E1). We chose individuals showing either a low ( 5/ four flowering plants) or a high ( ]/ seven flowering plants) density of conspecifics in their neighbourhood so as to have two contrasted groups of local density. We recorded for each marked individual the total number of capitula (plant size), the number of flowering conspecifics occurring within 10 m (local conspecific density), and the distance to the closest conspecific flowering neighbour (distance). A measure of the local abundance of the other flowering species was calculated as follows: for each sampled C. corymbosa , a score ranging from 1 /4 was first assigned to each other entomophilous flowering species occuring within 5 m (1 /1 /3 flowering individuals; 2 /4 /10 flowering individuals; 3 /11 /20 flowering individuals; and 4 / /20 flowering individuals); we then summed the scores over all species to get a global abundance index. Hence, the index was high when a great number of flowering species occurred around the marked individuals and/or when these species were abundant. One day before the beginning of observations, the 3rd of June, 95 about-to-open capitula were marked on the 32 focal plants by a dot of paint on the bracteas (1 /5 capitula per plant). These capitula were followed for insect visitation for 4 /5 successive days to cover their whole flowering. Five observers carried out the observations simultaneously. Population E1 was divided in five parts and each one was assigned to a different observer per day, who followed all focal plants in that part during a day. Every day before the observations, we recorded the number of male-stage and female-stage flowers in the marked capitula to follow their phenology. The focal plants were observed during periods of 10 minutes repeated 5 /7 times a day between 10 AM and 6 PM. On one rainy day, however, observations had to be stopped after 3 /4 periods per plant for safety reasons 133



(slippery cliffs). During an observation period, the marked capitula on the same plant were followed simultaneously. We divided insect visitors among five categories: bees, beetles, butterflies, humming-bird hawk-moths (Sphingidae), and hoverflies (Syrphidae). The humming-bird hawk-moth was a specific category because it foraged differently from the other Lepidoptera and did not land on flowers while collecting nectar. During each 10-min period, we counted every insect visit to the marked capitula and recorded the visitor category. Visitor observations were carried out for six days. All the marked capitula started to flower between the 1st and the 3rd day and finished flowering between the 4th and 6th day. There was some heterogeneity in flowering duration among capitula, some of them displaying complete flowering within three days, whereas others flowered in five days with very few flowers available for pollinators in the first and/or last days. When hardly open or almost finished, the capitula typically received far fewer insect visits than when fully open. So, for each capitulum, we subsequently excluded from analyses the first day of observation if the capitulum had been observed although it was only starting to open (capitula showing less than four male-stage flowers at the first observation of the day), and the last day of observation if it had been observed with only a few female flowers remaining that were already withering (less than five female-stage flowers at the first observation of the day). Hence, for each capitulum, we calculated the mean visitation rate per 10 minutes per insect category over all the observation periods conducted during the time capitula were fully open (2 /4 days per capitulum). Because weather conditions varied from one day to the other during the six days of observation, and because capitula were not all open during the same days, an index was computed to take into account the impact of weather on insect visitation. Each day was attributed a score: 1 for cloudy all day long; 2 for cloudy with some bright intervals; 3 for bright sky with some cloudy intervals; and 4 for bright sky during the whole day. For each capitulum, a weather index was calculated as the average of the scores over the (fully-open) days covering its flowering. About two weeks after the observations, the marked capitula were collected at maturity, just before opening and release of the achenes. Once again, we counted for each capitulum the number of withered corollas from inner flowers (number of fertile flowers), and the number of unfertilized ovules, aborted, eaten, and viable seeds.



Data analysis Fertilization rate was analysed as a binomially distributed variable using the GENMOD procedure of SAS (SAS Institute 1992). The model syntax of this procedure 134



allows one to specify a response variable in the form of two variables containing a number of events and a number of trials. An event, here, was the fertilization of an ovule. The fertilization rate of a capitulum was the number of fertilized ovules over the number of ovules initially present in the capitulum. The number of fertilized ovules was calculated as the sum of aborted, eaten, and viable seeds. We used the DSCALE option of the GENMOD procedure. This option, developed for the application of generalized linear models, allows the calculation of a factor of overdispersion of the data, and corrects the model selection by this factor (deviance of the model divided by its degrees of freedom, McCullagh and Nelder 1989). This procedure efficiently corrects for overdispersion due to non-independence between events (Massot and Clobert 2000). To analyse insect visitation rates, we used the GLM procedure of SAS (SAS Institute 1992). All analyses were performed at the individual scale. When several capitula had been collected on the same individual in the same flowering period, data were pooled per individual over capitula. Thus the fertilization rate of the individual was the total number of fertilized ovules over the total number of ovules over the pooled capitula. The other variables measured at the capitulum scale (i.e. capitulum size, weather index, and mean visitation rates per 10 min per insect category) were averaged per plant over the pooled capitula. Insect visitation rates were square root-transformed, and plant size, nearest-neighbour distance, and local conspecific density (in 1995 and 2002) were log-transformed to meet the assumptions for parametric tests. In 2003, individuals had been sampled so as to form two contrasted groups of local density, so local conspecific density was modelled as a categorial variable with a ‘‘sparse’’ class (16 individuals: 0 /4 flowering conspecifics within 10 m, mean /1.25) and a ‘‘dense’’ class (16 individuals: 7 /15 flowering conspecifics within 10 m, mean /12.38). To investigate the variability in fertilization success, we used an analysis of covariance (ANCOVA) including the following dependent variables: population (Au, E1, and E2), year (1995 and 2002), flowering period (early, mid, and late flowering), local conspecific density, and capitulum size. We started with a general model including all variables and their interactions. Using type III sum of squares (non-sequential decomposition), we then dropped the non-significant effects step by step. For year 2002, we examined whether fertilization success varied among the six populations, and we used a regression analysis on population means to test whether fertilization success was related to population size. To examine the impact of visitation rates by the different types of insects on fertilization success, we performed a stepwise regression starting with a model including all insect categories, and removed step by step insect categories that did not affect fertilization rate. As OIKOS 111:1 (2005)



we were interested in the insects significantly contributing to pollination, only insect categories that had a significant effect on fertilization success were retained in the subsequent analyses. However, due to the correlation between visitation rates by bees and butterflies (r /0.59, P/0.0004), we could not separate their effects. As a consequence, these two insect categories were pooled in all analyses. We used ANCOVAs to investigate whether variation in visitation and fertilization rates in 2003 was related to local conspecific density (categorial variable), capitulum size, abundance of co-flowering species, and weather index. But as the 2003 data set was composed of only 32 data points, we were limited in the number of factors we could put in the analyses. We restricted the number of variables entered simultaneously to three and tested every combinations of three factors both on visitation and fertilization rates. Because local conspecific density and nearest-neighbour distance were correlated (r / /0.70, PB/0.0001 in 1995 and 2002; r / /0.60, P /0.0003 in 2003), the two variables were not included together in the analyses. Instead, we replaced local conspecific density by nearestneighbour distance in the models to examine the effect of the later variable. The same was done to test for the effect of plant size that was correlated with capitulum size (r /0.21, P B/0.0001 in 1995 and 2002; r /0.36, P/0.045 in 2003).



Results Fertilization success Fertilization rate over two years, three populations and three periods of the flowering season ranged from 0 to 1 (Table 2). The x2 and P values indicated below for non-



significant effects after stepwise backward analysis are given for the last step before removal of the effect from the model. There was a significant difference in fertilization rate between years (Table 3), fertilization rate being lower in 1995 than in 2002 (mean fertilization rates / 0.46 and 0.66, respectively). The differences were also significant among the 3 populations (Table 3, Fig. 1), and there was no significant year by population interaction (df /2, x2 /0.56, P /0.76). Fertilization rate significantly varied among periods along the flowering season (Table 3, Fig. 1), but the effect of the period differed between the 2 years. Maximum fertilization rate was indeed reached at mid-flowering in 1995, but at early flowering in 2002 (mean fertilization rates /0.45, 0.57, 0.22 in 1995, and 0.72, 0.64, 0.61 in 2002, at early, mid, and late flowering, respectively). This translated into a significant year by flowering period interaction (Table 3). There was no significant effect of the interaction between flowering period and population (df/4, x2 /5.59, P/0.23). Fertilization success was positively related to local conspecific density (Table 3, Fig. 2), and there was no interaction between local density and either year (df /1, x2 /2.73, P /0.10), population (df/2, x2 /4.28, P /0.12), or flowering period (df /2, x2 /0.30, P/0.86). Capitulum size also had a significant positive effect on fertilization rate (Table 3), with no effect of the interaction terms with year (df/1, x2 /0.07, P /0.79), population (df/2, x2 /4.16, P /0.13), and flowering period (df/2, x2 /0.93, P /0.63). Because local conspecific density and nearest-neighbour distance were correlated covariates, they were tested in separate analyses, as were capitulum size and plant size for the same reason (see data analysis section). When the stepwise analysis was started with nearest-neighbour distance included in the initial model



Table 2. Range, mean and standard deviation (between brackets) of plant variables in the analyses (a) over two years and three populations, and (b) in 2003 in one population. All variables are at the individual scale (averaged over capitula when several capitula were collected per plant). a) over years 1995 and 2002 and 3 populations Variables Fertilization rate Visitation rate by: bees butterflies humming-bird hawk-moths beetles hoverflies Local conspecific density Nearest-neighbour distance (m) Capitulum size (number of inner flowers) Plant size (number of capitula) Abundance of co-flowering species (see text for details) Weather index (see text for details)



range



mean



0.00 /1.00



0.58 (0.29)



0 /18 0.03 /150 25 /72 3 /149



6.2 4.0 44.4 36.9



(5.4) (10.1) (9.0) (26.4)



b) in 2003 in 1 population range



mean



0.10 /0.92



0.72 (0.20)



0 /1.42 0 /0.69 0 /0.23 0 /1.03 0 /0.15 0 /15 0.2 /33.5 31 /54 5 /218 1 /11 2 /3



0.53 (0.38) 0.13 (0.18) 0.07 (0.06) 0.42 (0.26) 0.01 (0.03) 6.8 (5.9) 4.8 (8.2) 43.4 (6.2) 54.7 (48.4) 4.9 (2.1) 2.5 (0.2)



Visitation rate is the mean number of visits per capitulum per 10 min, and local conspecific density is the number of flowering C. corymbosa within 10 m. OIKOS 111:1 (2005)
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in place of local conspecific density, there was a significant effect of distance on fertilization rate (df/1, x2 /5.39, P/0.0202). Including in the same way plant size in the initial model in place of capitulum size gave no effect of plant size (df/1, x2 /0.12, P/0.73). Over the whole data set, the number of flowering conspecifics within 10 m was not associated with either plant size (r /0.07, P/0.19) or capitulum size (r/ /0.08, P/0.11). There was no correlation either between conspecific density and abortion rate computed as the number of aborted seeds over the number of fertilized ovules (r/0.02, P/0.71). The comparison of fertilization rates among all 6 populations at mid-flowering in 2002 showed significant differences among populations (df/5, x2 /21.97, P/0.0005, Fig. 3). But mean fertilization rate was not related to population size (F1,4 /0.0252, P /0.88).



Fertilization success and insect visitation Over the six days of observation in population E1 in 2003, the visitors most often seen on C. corymbosa Table 3. Variability in fertilization rate as a function of local conspecific density and capitulum size among two years (1995 and 2002), three populations (Au, E1, and E2), and three flowering periods (early, mid, and late flowering). The analysis was started with a complete model including all interactions between variables. The model presented is the final model obtained after stepwise backward removal of non-significant effects. Fertilization rate was modeled as a binomial variable (number of fertilized ovules over total number of ovules) and local density was log-transformed. Results are from a type III analysis.



Year Population Flowering period Local conspecific density Capitulum size Year /flowering period
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Fertilization rate (n /387) 2



df



x



1 2 2 1 1 2



80.80 24.13 11.88 18.28 11.26 18.14



P B/0.0001 B/0.0001 0.0026 B/0.0001 0.0008 0.0001



20



flowers were bees and beetles with respectively 909 and 730 visits recorded over all marked capitula and all periods of observation. Butterflies, humming-bird hawkmoths, and hoverflies totalled 234, 115, and 18 visits, respectively. The mean visitation rate per capitulum per 10 min ranged from 0.01 for hoverflies to 0.53 for bees (Table 2). Because visitation rates by bees and butterflies were correlated, the visits by these two insect categories were pooled (see data analysis section). The fertilization rate in population E1 in 2003 ranged from 0.10 to 0.92 (Table 2). It was 0.72 on average, a value not significantly different from the mean fertilization rate at mid-flowering in the same population in 2002 (df/1, x2 /0.64, P /0.42). After a stepwise backward analysis, only visits by the ‘‘bees and butterflies’’ group had a significant effect on fertilization rate (Table 4), so only this insect group was retained in the following analyses. We found no effect of either local conspecific density or nearest-neighbour distance on the frequency of bees and butterflies visits (Table 5a). The mean number of visits by bees and butterflies per capitulum per 10 min was 0.659/0.12 for plants in the sparse class and 0.679/ 1
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Fig. 2. Fertilization rate as a function of local conspecific density (number of flowering C. corymbosa within 10 m). Data are pooled over two years (1995 and 2002) and three populations (Au, E1, and E2; n/387).
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Fig. 1. Variability in fertilization rate among two years, three populations, and three flowering periods. The data are population means plus one standard error.
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Population Fig. 3. Variability in fertilization rate among the six populations at mid-flowering in 2002. The data are population means plus one standard error (n in Pe was: 4; Cr: 11; Po: 17; Au: 26; E1: 27; E2: 24). Populations are listed from the smallest to the largest (population sizes are given in Table 1). Up the bars, different letters stand for significant differences between populations (PB/0.05). OIKOS 111:1 (2005)



Table 4. Stepwise analysis of the variability in fertilization rate as a function of visitation by the different categories of insects in one population (E1) in 2003. The analysis was started with a model including the four independent variables, listed above in the order they have been removed. x2 and P values for nonsignificant effects are given for the last step before removal from the model. Fertilization rate was modeled as a binomial variable (number of fertilized ovules over total number of ovules) and visitation rates were square-roots transformed. Results are from a type III analysis. Source of variation Visitation rate by hoverflies beetles humming-bird hawk-moths bees and butterflies
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abundance was weighted by floral display size (weight: 1 for small displays, 2 for large displays), the results remained the same and no effect of the abundance of co-flowering species was detected on either visitation rate or fertilization rate.
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Density dependence of fertilization success



0.9200 0.1188 0.0799 B/0.0001



0.13 for plants in the dense class. Capitulum size had a significant effect on visitation rate, whereas plant size had no effect (F1,28 /2.78, P /0.11 in the model with local density; and F1,28 /3.21, P /0.084 in the model with distance). The weather strongly affected visitation rate (Table 5a). As regards fertilization success, for the same capitula, we found a significant effect of both local conspecific density and nearest-neighbour distance (Table 5b). No effect of capitulum size was detected, and there was no effect of plant size either (df /1, x2 /2.06, P/0.15 in the model with local density; and df /1, x2 /2.24, P/0.13 in the model with distance). The weather (i.e. weather recorded at the flowering of the capitula) had a significant effect on fertilization success (Table 5b). We recorded 16 other species flowering around C. corymbosa individuals at the time of the observations. Some bore few flowers (e.g. Inula spinosa , Ononis columnae, Polygala rupestris, Sonchus tenerrimus, Erodium foetidum ) whereas others presented large floral displays (Psolorea bitumosa , Senecio inaequidens, Ferula communis ). The abundance index including all co-flowering species had no effect on visitation rate (P/0.14) or on fertilization success (P /0.25) in any analysis performed. When the index was computed only with species bearing large floral displays, or when species



Many studies of plants that rely on cross-pollination for their reproduction have shown that pollination success and seed set were positively affected by the local density of flowering conspecifics (Feinsinger et al. 1991, Kunin 1993, 1997, Van Treuren et al. 1994, Roll et al. 1997, Bosch and Waser 1999, 2001). Lower pollination success in sparse patches as compared to dense ones was either attributed to a decreased availability of pollinators (pollinator limitation: Kunin 1997, Roll et al. 1997, Bosch and Waser 2001) or to a decreased quantity and/ or quality of the pollen deposited on stigmas (pollen limitation: Kunin 1993, 1997) with decreasing local conspecific density. In the present study, field observations showed that C. corymbosa capitula were visited by various insect species. But among all visitors, only the visits by bees and butterflies significantly affected fertilization rate. These two insect groups seem to be the main pollinators of the species in natural populations, although it was not possible to test for the effect of each one independently of the other because of their correlated visitation rates. The likely hypothesis to explain this correlation is that bees and butterflies may be attracted to the same plants because they respond to similar plant and floral traits while foraging. A previous analysis of correlated paternity from microsatellites markers suggested that each flowering C. corymbosa capitulum might receive several pollen loads per day (Hardy et al. 2004a). Our field observations confirm these results derived from genetic analyses. Flowering capitula are frequently visited by



Table 5. Effects of capitulum size, local conspecific density, nearest-neighbour distance, and weather index on (a) the visitation rate by bees and butterflies and (b) the fertilization rate in one population (E1) in 2003. Fertilization rate was modeled as a binomial variable (number of fertilized ovules over total number of ovules), local conspecific density was a class variable (sparse vs dense), visitation rate was square-root transformed, and nearest-neighbour distance was log-transformed. Results are from a type III analysis. a) Visitation rate (n/32)
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Model with local density: Capitulum size Local conspecific density Weather index Model with distance: Capitulum size Nearest-neighbour distance Weather index
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b) Fertilization rate (n/32)
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bees and butterflies and thus likely receive pollen loads on several occasions during a day. The analysis of visitation rates showed that visits by these two insect groups were positively affected by the weather and capitulum size, but not by the abundance of the other flowering species, plant size, local conspecific density, and nearest-neighbour distance. Thus, the frequency of visits per capitulum in sparse patches was not significantly different from that in dense patches. We can not totally exclude, however, that there may actually be a density effect on insect visitation as can suggest the 8.44% P value (Table 5a) but, in any case, the effect of density on the number of visits was very small. Although among-individual variability in fertilization rate was highly dependent on visitation by bees and butterflies, pollinator availability seemed independent of conspecific flowering density, at least over the observed range of variation. Rathcke (1983) advanced the hypothesis that pollinator visitation rate per flower should first increase with plant density up to a maximum due to a facilitation effect, then decrease with increasing density due to competition among plants for pollinator services. Such a domeshaped relationship was seen in Trillium grandiflorum in which pollinator visits to a patch increased with flowering plant density within 2 m whereas visits to individual flowers first remained constant then decreased with increasing plant density, resulting in seed set per flower first increasing, then decreasing in response to surrounding conspecific density (Steven et al. 2003). The maximum seed set was obtained for a density of 2.8 flowering plants per m2. In C. corymbosa , we found no effect of plant density on insect visitation. On the other hand, the density of flowering conspecifics around focal plants had a significant effect on fertilization success. Over three populations and two years (1995 and 2002), we showed a significant relationship between fertilization rate and both the number of flowering individuals within 10 m (positive relationship) and the distance to the closest flowering neighbour (negative relationship). The results were the same in population E1 in 2003. The number of flowering individuals within 10 m in C. corymbosa populations is probably never high enough to induce competition among plants for pollinator service. The analysis of correlated paternity performed in population Au in 2000 showed that mate availability in C. corymbosa was limited (Hardy et al. 2004a), notably as a result of limited pollen dispersal. Results from paternity assignments indicated that gene flow by pollen was restricted, half of the fertilizing pollen moving less than 11 m in this population (Hardy et al. 2004b). Moreover, mate availability was significantly limited by other factors, namely, the heterogeneity in pollen production and in phenology among plants (according to genetic analyses and to simulation results), and the self138



incompatibility system (according to simulation results; Hardy et al. 2004a). The data from the present study and those from the paternity analysis were obtained in different years and in different populations, so care must be taken when comparing the results of both studies. But altogether, field ecological data and genetic data suggest that fertilization success in C. corymbosa may mainly be limited by pollen limitation rather than pollinator limitation. The reduced fertilization success in sparse patches as compared to dense ones may be due to a decreased quantity and/or quality of pollen received by plants at low densities. Low pollen ‘‘quality’’ can result from a high fraction of heterospecific pollen in the pollen loads brought by insects to stigmas, or from a high fraction of incompatible conspecific pollen. Several studies (Feinsinger et al. 1991, Kunin 1993, Aizen and Feinsinger 1994) found that reduced pollen quality could occur for species visited by generalist pollinators when individuals at low densities were surrounded by flowering individuals of other species, leading to decreased conspecific pollen transfer. But this mechanism appears unlikely here because the abundance of the other flowering species around C. corymbosa focal plants did not affect their fertilization success. A similar result was obtained for Dithyrea maritima , in which the presence or removal of non-native, invasive, co-flowering species in experimental plots had no effect on the pollination service and seed set (Aigner 2004). Pollen limitation in C. corymbosa may essentially be due to a low availability of conspecific pollen, both in (1) quantity and (2) quality (pollen compatibility). In other self-incompatible plant species, similar findings showed that compatible pollen limitation could lead to reduced seed or fruit production (Aspinwall and Christian 1992, Wolf and Harrison 2001). In C. corymbosa , the fact that mate availability appeared limited in natural populations (Hardy et al. 2004a) supports our results suggesting that a limitation of the quantity and quality of conspecific pollen may be the main causes of the reduced fertilization success for plants at low densities. Our study was carried out in natural populations, so it might be that the relationship observed between conspecific density and fertilization success was due to uncontrolled genetic (inbreeding depression) or environmental (resource limitation) factors rather than to a direct effect of density itself. However, this seems unlikely. First, fertilization success was quantified as the fraction of fertilized ovules (including subsequently aborted ones) out of the total number of ovules. Thus, this variable was independent of the possible abortion of some fertilized ovules caused by inbreeding depression (i.e. abortion due to mating between genetically related individuals) or resource limitation. Secondly, there was no correlation between conspecific density and either plant size or capitulum size in sampled plants, suggesting OIKOS 111:1 (2005)



that the natural variability in local density did not reflect spatial differences in resource availability. Demographic analyses (B. Colas et al., unpubl.) failed to detect any effect of intra-specific competition except over a very small scale (100 cm2), so it is unlikely that 18 flowering plants within 300 m2 (the maximum density here) suffered from resource limitation due to competition. This is further confirmed by the lack of correlation between density and abortion rate. Thirdly, if inbreeding depression occurs at the seed stage in C. corymbosa , leading to some abortion among seeds from inbred crosses, the effects of inbreeding should be stronger in dense patches than in sparse ones. Seed dispersal is indeed extremely limited (/ 80% of the seeds end within 50 cm of the mother-plant, Colas et al. 1997) and, because the distance between mates is likely to be lower for plants at a high density, one might expect more inbred crosses in dense patches than in sparse ones. So, a possible bias due to inbreeding depression would consist of a higher rate of very early, undetected abortion for plants at high density, resulting in fertilization rates in dense patches actually higher than measured here (i.e. if some ovules we considered as unfertilized were in fact early-aborted fertilized ovules), and in an effect of local density on fertilization success more pronounced than documented. Hence, altogether, it is unlikely that underlying uncontrolled factors influenced the results on fertilization success in this study. However, local density only explained a fraction of the observed variability in fertilization rate (Fig. 2). The number of inner flowers per capitulum also positively affected fertilization success. Capitulum size was positively related to insect visitation, indicating that plants with larger capitula received more visits per capitulum, probably in response to larger pollen and nectar rewards. But, as large capitula have more ovules to fertilize than smaller ones, and as the frequency of insect visits increased linearly with capitulum size, large capitula did not necessarily show higher fertilization rates than smaller ones. This may explain why the effect of capitulum size on fertilization success was significant in one analysis (over two years and three populations), but not in the other (in population E1 in 2003). On the other hand, plant size measured as the total number of capitula per plant affected neither fertilization rate nor insect visitation rate per capitulum. Two mechanisms can be hypothesized: either (1) large plants attracted as many insects as small ones but, once on a plant, insects visited a higher number of capitula when the plant was larger, or (2) large plants globally attracted more insects than smaller ones, but not more than proportional to the number of capitula they displayed. Thus, the number of visits per capitulum remains on average the same whatever the size of the plant. Several other authors (Dreisig 1995, Brody and Mitchell 1997, Ohashi and Yahara 1998) also demonstrated visitation rates per OIKOS 111:1 (2005)



flower independent of the number of flowers on a plant and found this was explained by the second of the two mechanisms. Further, the large unexplained part of variability in fertilization success among plants may be attributed to some environmental factors we did not control for in the field. The weather at the time of capitulum flowering, for instance, was only taken into account in 2003 and proved to significantly affect fertilization success. Through their effect on insect visitation, weather conditions even appeared to be the major factor influencing fertilization rate among all factors tested in the 2003 analyses. Finally, the selfincompatibility system may also contribute to the large variability obtained in fertilization rate. In small populations like those exhibited by C. corymbosa , one can expect a limited diversity at the self-incompatibility locus. Limited S-allele diversity has been shown to reduce the frequency in available mates and to increase its variance, resulting either in a reduced fertilization success or in an increased variation of the fertilization success among individuals (Byers and Meagher 1992).



Variation in fertilization success among populations Fertilization success varied significantly among all six populations in 2002 at mid-flowering, ranging from an average of 0.52 in population Cr to 0.84 in population Po. The variation was also significant among the three populations sampled in 1995 and 2002 (Au, E1, and E2), and differences were globally the same in the two years with no significant year by population interaction. The census carried out in 2002 at mid flowering in the six populations gave sizes ranging from 11 to 182 flowering individuals per population. However, there was no relationship between population size and fertilization success. The smallest population (Pe) showed a mean fertilization rate that was not different from the two largest ones (E1 and E2), and the highest mean fertilization rate was for a rather small-size population (Po; Fig. 3). Different results have been documented in the literature concerning the relationship between plant population size and pollination success, with both ˚ gren 1996, positive (Aizen and Feinsinger 1994, A Groom 1998, Hendrix, 2000) and negative (Sowig 1989, Aizen and Feinsinger 1994, Molano-Flores et al. 1999, Leimu and Syrja¨nen 2002) relations, or no relation at all (Aizen and Feinsinger 1994, Kunin 1997). In C. corymbosa , as in some other plant species, fertilization success seems to be determined by factors other than the size of the population. Pollinator abundance, for instance, can be spatially very variable. According to pollinator observations carried out in the six populations in 2002 (S. H. Luijten, unpubl.), there may be differences among populations in the assemblages and the abundance of insects found on 139



C. corymbosa flowers. Hence, among-population variation in fertilization success might reflect variability in insect visitation, especially if the insect assemblages differ widely among populations. Differences in population density could also have contributed to the variation in fertilization rate among populations. But the effects of both local density and population were significant in the analyses, indicating that fertilization rate varied among populations independently of the effect of density. Lastly, differences in fertilization success could result from among-population variation in the level of selfincompatibility. Small populations are expected to exhibit fewer self-incompatibility alleles than larger ones, leading to a lower mate availability (Imrie et al. 1992), and lower fertilization rates. But self-compatibility can also be selected for in small populations and evolve through a breakdown of the self-incompatibility system, provided levels of inbreeding depression are low (Charlesworth and Charlesworth 1979). In C. corymbosa , variability among individuals was found in their degree of incompatibility (H. Fre´ville and A. Mignot, unpubl.), so it is possible that cross-compatibility could be higher in some populations, like the small populations Po and Pe. Variation in compatible pollen availabilty could be a factor underlying the differences in fertilization success among populations, but further investigation is required to assess self-incompatibility levels among populations of this species.



Significance for population dynamics Centaurea corymbosa is endemic to a :/50 km2 limestone plateau where the six populations occur within B/ 10% of the area, although many other sites over the massif appear suitable to the species (Colas et al. 1997). A low ability for long-distance seed dispersal together with a low potential to establish new populations due to monocarpy and self-incompatibility likely explain this narrow distribution. The present results suggest that pollen quantity and quality limit fertilization success for sparse or isolated individuals, so that the Allee effect appears to be one more factor limiting the species’ ability to colonize a new site. Altogether, the survival of the species may essentially depend on the persistence of the six extant populations or on human-mediated introductions. As defined by Stephens et al. (1999), a positive relationship between conspecific density and any component of individual fitness, such as fertilization success, corresponds to a ‘‘component Allee effect’’. Whether this effect translates or not into a ‘‘demographic Allee effect’’, i.e. a positive relationship between conspecifc density and total individual fitness, will depend on the strength of the negative density dependence. The results from a 10-year demographic survey in C. corymbosa 140



showed that intra-specific competition occurred over a very small scale. Within a microsite (i.e. a few square centimeters such as a cleft in a rock), seedling survival and the flowering probability of rosettes were negatively affected by the presence of other rosettes (B. Colas et al., unpubl.). As seed dispersal is very restricted (average distance 32 cm, Colas et al. 1997), the benefits of conspecific presence for fertilization success may be subsequently buffered to some extent by intra-specific competition. This will be the case if the availability of suitable microsites is locally limited. At this stage, further investigation is required to determine the net benefits of local spatial agregation to individual fitness and population dynamics in C. corymbosa . Such an issue is of importance from a management perspective because the best strategy for population reintroduction or reinforcement will not be the same according to the net effect, positive or negative, of local conspecific abundance. Our results suggest that any population reinforcement in C. corymbosa should increase reproductive success of the species, since the density in natural populations falls within a range where the relationship between conspecific density and fertilization rate is positive. But this result does not inform about the potential demographic benefits of such reinforcement. If one has to determine the number of seeds to introduce locally, one can expect a threshold beyond which it is better to distribute the seeds in several patches rather than putting them in a single one, when the benefits of the Allee effect become counterbalanced by the costs of intra-specific competition. Acknowledgements / We would like to thank Elsa Coucheney for the help in the lab, Sandrine Meylan and Jean Clobert for useful advice on statistical methods, and Isabelle Olivieri for helpful support and valuable discussions. This research was supported by a research fellowship from the French Ministry of Research (to F. K.), post-doctoral grants from the EU (‘‘Plant Dispersal’’) and from the CNRS (to S. H. L.), and an Integrated Concerted Action in Quantitative Ecology from the French Ministry of Research to Isabelle Olivieri and Dominique Jolly (ISEM). This was a contribution of the ‘‘Ecosyste`mes me`diterrane´en et montagnards dans un monde changeant’’, between France and Spain. Nick Waser provided comments and suggestions that improved the clarity of the manuscript. This is publication ISEM 2005 /009 of the Institut des Sciences de l’Evolution, Montpellier.
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