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Comparison of different measures of gene flow in an experimentally fragmented
population of insect-pollinated Scabiosa columbaria

With M.M. Kwak, F.J. Weissing and R. Bijlsma

Summary
The amount of gene flow is an important factor, affecting the level of genetic erosion

after fragmentation of a formerly large population. For many animal-polli nated plants, gene flow
occurs mainly by pollen, and is therefore depending on the foraging behaviour of their
pollinators. Several different methods exist to estimate gene flow by pollen and their relative
performance was assessed under semi-natural conditions. Pollen flow was measured between
patches of Scabiosa columbaria by means of fluorescent dye powders, direct pollen number
counts and allozyme markers. The main pollinators were bumblebees and syrphid flies. Variation
between fields and days was large for all methods. High dispersal of fluorescent dye powder was
not always reflected in high gene flow, as measured by allozyme analysis and vice versa.
Nevertheless, when averaged over multiple replicates, dispersal patterns of fluorescent dye
powder and allozyme alleles were almost identical. Estimates of pollen flow, based on dispersal
of pollen grains were qualitatively similar to dispersal of dye powder and allozymes, although
quantitative estimates of gene flow were somewhat higher. No significant effects on seed set
were detected. The consequences for estimation of gene flow in fragmented habitats are
discussed.

Introduction
Many plant species depend for their reproduction and gene dispersal on insect pollinators.

Not surprisingly, plant-pollinator interactions have been the subject of investigations for several
centuries (Baker 1983). During the last decades human activities have caused significant
reductions in population size and increasing fragmentation of the remaining plant populations.
This undoubtedly wil l affect plant-pollinator interactions (Stanton et al. 1991; Rathcke and Jules
1993; Conner and Neumeier 1995) and consequently change reproductive and gene flow
patterns. Because such pollinator-mediated changes in reproduction and gene flow may have
important consequences for the persistence of plant populations, these processes have become a
topic of special interest in recent years (Jennersten 1988; Olesen and Jain 1994; Van Treuren et
al. 1994).

The degree of isolation of individuals in a fragmented plant population is very important
in the context of its vulnerabil ity to stochastic processes. Increased levels of isolation between
subpopulations lead to a higher risk of extinction because of demographic, environmental and
genetic stochasticity (e.g. Lande 1988). If we neglect the effects of seed dispersal and
concentrate on gene flow between existing populations, genetic stochasticity will be a major
factor influencing population vulnerabil ity. With decreasing population sizes and increasing
isolation, genetic drift will become more important and (bi)parental inbreeding will increase. As
a result, populations will suffer from enhanced inbreeding depression and probably negative
fitness effects related to reduced genetic variation. The combined negative effects of changes in
the genetic composition of small, isolated populations are called genetic erosion (Van Treuren et
al. 1991; Van Treuren et al. 1993a). The impact of genetic erosion is highly dependent on the
effective population size, and thus on the degree of isolation between (small) subpopulations.
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Several methods have been developed to estimate isolation in natural populations of
flowering plants, varying from the analysis of the genetic structure of the plant population to
direct tracking of dispersal of genes, pollen or pollinators. However, these different techniques
for measuring gene flow have been compared only occasionally, complicating the evaluation of
their relative reliabil ity for estimating effective gene flow.

Many studies have used measures of genetic differentiation between plant populations to
estimate the amount of genetic exchange between them (e.g. Van Dijk 1987; Campbell and
Dooley 1992; Rasmussen and Brødsgaard 1992; Westerbergh and Saura 1994; Latta et al. 1998).
Estimates of gene flow based on the genetic differentiation between populations, are much larger
than those obtained from direct observations. However, results of these studies on genetic
differentiation might be confounded by other processes than gene flow alone. For example,
founder effects or selection will also influence the amount of genetic differentiation between
populations (Slatkin 1987; Campbell and Dooley 1992). Direct observation of the exchange of
genetic marker alleles is less hampered by these limitations. Handel (1982,1983), using a
morphological marker, found that pollen flow is very restricted, even within a single population
and may highly depend on local conditions. Movement of genetic markers between populations
has been observed to occur at somewhat larger spatial scales (measured in meters, not in the
number of conspecific individuals), but was found to be still restricted to approximately one
kilometer, depending on the plant species under study (Ellstrand and Marshall 1985; Ellstrand et
al. 1989; Skogsmyr 1994). The development of molecular techniques, such as DNA
fingerprinting and microsatellite analysis, has increased the number of available genetic markers,
but such studies are still expensive and time-consuming and thus limited in sample size.
Moreover, these methods may easily miss the highly incidental and unpredictable gene flow over
long distances, which has important consequences for overall patterns of genetic variation (see
Slatkin, 1985 for review; Neigel, 1997).

Alternative estimates of gene flow can be obtained by tracking dispersal of pollen or
pollen analogues or by tracking flight patterns of pollinating insects. For large pollinators with a
limited foraging area, like (bumble)bees and hummingbirds, flight distances between sequential
flower visits are relatively easy to obtain but they generally underestimate gene flow distances
compared to genetic markers (Schaal 1980; Ennos and Clegg 1982; Thomson and Thomson
1989; Karron et al. 1995b). Carry-over of pollen might be an important cause of this
discrepancy. Due to carry-over, pollen is transported to several subsequently visited flowers
instead of only to the first one, resulting in an increase in pollen dispersal distance compared to
the flight distance between subsequent flower visits. Still , pollen dispersal is often restricted to
distances of only a few tens of meters (Thomson and Thomson 1989; Pleasants 1991; Nilsson et
al. 1992).

In the absence of specific pollen markers, direct observation of pollen flow is impossible.
In these cases, one often has to rely on indirect estimates using for example fluorescent dye
powders. Dispersal characteristics of pollen and pollen analogues have been compared in carry-
over experiments. In most studies a qualitative agreement in dispersal behaviour between
fluorescent dye powder and pollen has been found, both declining in a similar way with distance
or the sequentially visited flowers (Campbell 1985; Thomson et al. 1986; Waser 1988; Fenster et
al. 1996; Rademaker et al. 1997). However, the absolute amounts which are dispersed might be
different for pollen and dye powders, probably in relation to differences in adherence to
pollinator and stigma and in the initial amount available in the donor flower (Snow et al. 1996).
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To compare relative pollen dispersal under different conditions this variation in absolute
amounts dispersed is not important and the use of fluorescent dye powders as pollen analogues is
generally justified.

Few studies have compared dispersal of pollen (or pollen analogues) with effective gene
flow. Post-pollination events like pollen competition, selective abortion or inbreeding depression
may modify the success of pollen from different source plants, thereby changing the dispersal
distance of successful pollen. In two studies dispersal of fluorescent dye powder and genetic
markers were compared. In an experimental setup using transgenic Brassica, Cresswell et al.
(1995) measured flight distances of bumblebees and honeybees. These results were combined
with data from a carry-over experiment with fluorescent dye powder to predict the pollen
dispersal distance. Direct measures of gene flow by genetic marker alleles from the transgenic
Brassica plants were found to be more restricted than those estimated by flight distances and
pollen carry-over (Cresswell et al. 1995). In contrast to these results, Campbell (1991) found that
dye powders underestimated gene flow by genetic marker alleles. She used paternity analysis
within three natural populations of Ipomopsis aggregata to estimate gene flow distances by
hummingbirds and compared these estimates to dispersal estimates obtained by fluorescent dye
powder (Campbell 1991). The surprisingly high gene flow, compared to the estimates using
fluorescent dye powder, was probably due to occasionally long distance flights by infrequently
visiting hummingbirds.

For all estimation methods it is generally found that gene flow by pollen in insect-
pollinated plants is restricted, but quantitative estimates may differ between estimation methods.
Thus far, most comparative studies have been done in single (large) populations or in carry-over
experiments. However, to assess population vulnerabil ity after habitat fragmentation, the
quantification of gene flow in the context of fragmented populations is crucial. Despite its
importance in conservation biology, the reliability of different techniques to estimate gene flow
in fragmented populations is largely unknown. In this study, we compare several estimates of
gene flow in a fragmented population, under semi-natural conditions. Estimates of dispersal of
pollen and  pollen analogues (fluorescent dye powder) and of effective gene flow by allozyme
markers between small and isolated patches of S. columbaria are made simultaneously. We then
systematically investigate the differences between these estimates of pollen dispersal and gene
flow, and evaluate the use of the various methods for different purposes.

Material and methods
Plant species and experimental setup

Scabiosa columbaria (Dipsacaceae) is a gynodioecious, protandrous perennial of dry
calcareous grasslands, that is currently endangered in The Netherlands (Van Treuren et al. 1991).
Its flowers are arranged in heads of 40-100 hermaphroditic flowers, each containing one ovule.
Heads start flowering in male phase for a few days, during which new flowers open
continuously. When all flowers have opened, the whole head enters the female phase. Usually
heads are female for only a single day, but this can be extended to two days when the head
remains unpolli nated. Scabiosa columbaria is dependent on insect pollinators for fertilization of
the ovules. Although the plant is self-compatible, outcrossing rates in natural populations are
very high and artificial selfing severely reduces the percentage developed seeds (Van Treuren et
al. 1993a).
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Experimentally, we constructed two populations each with three small patches of potted
plants of S. columbaria. The patches consisted of 30 heads each, were linearly arranged and
separated by 25m distance within the two fields (Figure 1). From previous experience we know
that this distance is sufficiently large to restrict the amount of gene flow between the patches
considerably, compared to within-patch gene flow. In the first field (patches 1-3), each patch was
marked by a unique allozyme genotype and a different colour of fluorescent dye powder, to
allow comparison of dispersal of genes and pollen analogues within and between patches. In the
second field (patches 4-6), all male phase heads in the outer patches (4 and 6) were emasculated
every 30 min. to prevent within-patch polli nation and only the central patch (5) functioned as a
source of pollen and dye powder. In this case, dispersal of pollen grains could be directly
compared with estimates based on pollen analogues and genes. Comparison between both fields
allows estimation of the importance of within-patch pollen flow relative to between-patch pollen
flow. For these comparisons transport of pollen (analogues) and genes to the outer patches within
both fields is expressed relative to the amounts in their central patch (2 or 5 respectively).

Figure 1 Experimental setup, consisting of two fields with each three patches of Scabiosa columbaria. Fill ed
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Female flowering plants were all homozygous for the common allozyme allele, male flowering plants were

heterozygous for the common allele and a unique allele. Open circles indicate patches with 20 emasculated � � � �
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fields, separated by a ditch.

The two replicated populations were located on different fields, both without other
flowering plant species. The distance between the two closest patches of the two fields was
limited to 65 m (Figure 1). All patches had an equal size, consisting of 20 male phase heads and
10 female phase heads, which were virgin at the start of the experiment. The experiment was
repeated 5 times in August and September 1996. Although no selection for weather conditions
was made, weather variation between days was small (Table 1). Each replicate observation
started between 10 and 11 AM, while after 5 to 6 hours most stigmas contained pollen and the
experiment was terminated. The female phase heads were bagged to prevent further pollination.
After two weeks seeds were collected and the numbers of developed and failed seeds were
counted.
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Table 1 Details of the experiment and weather conditions for each day of observation. Observation rounds
were made in the morning and in the afternoon. Orientation of the experiment: line from patch 1 to 6 goes
from WestNorthWest to EastSouthEast.

Day (1996) Sunshine Max. temperature (°C) Wind speed (m/s)
and direction

Duratio
n

Number of rounds
(a.m., p.m.)

August 16 0 h 19.7 2 3 h 30, 15

August 22 5.5 h 24.5 2 6 h 30, 30

September 2 9.3 h 20.3 2 5 h 30, 30

September 6 6.1 h 19.5 3 (N) 6.5 h 30, 30

September 11 2.4 h 15.8 4 (W) 6 h 30, 30

Insect visitation
In the morning and in the afternoon we made 30 point observations of insect visitation for

all six patches (60 observation rounds in total). Insects were classified into 6 groups, given in
order of pollination efficiency (see chapter 2): (1) Apidae (almost exclusively bumblebees), (2)
large syrphid flies (Diptera, Eristalis and Helophilus species), (3) other flies (Diptera, including
Rhingia campestris), (4) (Epi)syrphus species (Diptera), (5) Lepidoptera and (6) small Siphona
flies (Diptera). Except for (Epi)syrphus species all visitors are known to collect nectar, and did
indeed not react to emasculation treatments (not shown). Previous experiments have shown that
bumblebees and large syrphid flies are eff icient pollinators of S. columbaria, whereas the other
visitors contribute very little to its pollination (Kwak and Velterop 1997). To get insight into
flight patterns and pollen transport we marked individual bumblebees. Marking of syrphid flies
was highly ineffective, due to the constant turnover of individuals (Ottenheim, pers. comm., and
own observations).

Dispersal of pollen and fluorescent dye powder
Using a magnifying glass (20x), the number of pollen grains (size 50-70 µm, pers. comm.

G. Romeijn) on all stigmas was determined at the end of each day. Given the high pollen
availabil ity in non-emasculated patches, the number of pollen grains per stigma was roughly
estimated for these patches, while we used direct counting of pollen grains on all stigmas for
emasculated patches. Differences in stigmatic pollen load between patches were tested non-
parametrically (Kruskal-Wall is over 6 patches, tested per day).

At the start of the experiment, fluorescent dye powder (Radiant Color NV, Houthalen,
Belgium) was applied as a pollen analogue to five male phase heads in all non-emasculated
patches (1,2,3,5). Each patch received dye powder of a different colour and colours were rotated
between the five experimental days. At the end of the day, 10 stigmas per female phase head
were sampled in each patch, mounted in glycerin on a microscope slide and stored for later
analysis. For all patches, the number of fluorescent dye particles per stigma was determined for
each colour, using a fluorescence microscope (400x). Because the number of dye particles is
expected to decay exponentially along a visitation sequence (e.g. Campbell 1985), we used a
logarithmic scale. Small numbers of dye powder were directly counted (up to 16), while larger
amounts were estimated in classes of exponent 2 (<32, <64, <128, ..., <2048 particles per
stigma). Based on these 100 stigmas per patch, the mean number of dye particles per stigma was
estimated for each patch, using log-transformation. Because the applied amount of dye powder
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will vary between heads, patches and days, the dispersal of dye powder to other patches is
presented relative to the amount deposited in the source patch.

Seed set and gene flow
After about two weeks the seeds were collected and the percentage of developed seeds

was determined (Van Treuren et al. 1994). To assess gene flow directly we used allozyme
analysis of all developed seeds. Because we had insufficient numbers of homozygous rare
genotypes, we had to use male phase plants, which were heterozygous for a common allele (N)
and a patch-specific allele (S, I, M and F respectively) at the Glucose-phosphate-isomerase
locus. All female phase plants were homozygous for the common allele. Each source patch had a
different patch-specific allele, which was rotated over the five experimental days.  For more
information about electrophoretic techniques and allele distinction, see Van Treuren and Bij lsma
(1992). The paternal patch could be determined for those seeds, which had received a patch-
specific allele (about half of the seeds, since heterozygous males were used). Gene flow to other
patches is expressed relative to the amount of gene flow within the source patch.

Results
Insect visitation

Species composition of visiting insects was relatively similar in all patches (Figure 2A).
Most syrphid species visited S. columbaria for nectar and did not discriminate between
emasculated and intact male phase heads. Bumblebees foraged mainly for nectar, but they visited
patches with intact male flowers (1,2,3,5) slightly more often than patches with emasculated
flowers (4,6) (binomial proportion, P<0.05). This might have reduced pollen flow in field 2,
especially in August when most bumblebees were present. Only (Epi)syrphus species actively
consumed pollen of S. columbaria and these species preferentially visited patches with intact
flowers over patches with emasculated flowers (P<0.0001). Butterflies were frequently searching
for mates instead of foraging for food and they also visited patches with intact flowers more
often (P<0.0001). Siphona had a slight preference for patches with emasculated flowers
(P<0.05), possibly because these very small flies are disturbed by the anthers of non-emasculated
male flowers.

Figure 2 Number of visits per insect group during observations in 60 rounds. (A) Total number of observations per

patch, averaged over five days in 1996. Patch 4 and 6 had been emasculated. (B) Total number of observations per

day, averaged over 6 patches.
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Although all replicates were performed within a month the species composition clearly
changed over the season (χ2 = 3592, P<0.001, Figure 2B). Of the important polli nators of S.
columbaria, bumblebees declined in numbers and were replaced by large syrphids (Eristalis
species), retaining pollination of S. columbaria high. Unfortunately, marking of bumblebees was
restricted due to practical limitations and consequently observations of individual pollinator
flights were highly incidental. On August 22 the largest number of bumblebee individuals was
observed, with the highest number of flights between patches, but almost exclusively within
fields (Table 2). On September 2 more flights between the two fields were recorded, made by
only a single bumblebee. This observation illustrates the large number of flights, which can be
made by only a few bumblebees, and the importance of individual marking of flower visitors.
Later in September no bumblebee flights between fields were observed. Since only a small
fraction of all visitors could be marked, the potential gene flow between patches is high,
especially for the first experiments. Some gene flow between the two fields has to be expected.

Table 2 Movements of individually marked bumblebees. Two sequential observations of a
marked bumblebee in different patches are defined as a movement. Between brackets the
number of  bumblebee individuals contributing to the movements within each category is given.

Movements

Day (1996)
Number of observed

individual bumblebees Within field 1 Within field 2 Between fields

August 16 2 12 (2) 0 0

August 22 11 68 (6) 29 (5) 1 (1)

September 2 3 8 (3) 5 (1) 12 (1)

September 6 1 0 4 (1) 0

September 11 0 - - -

Pollination and seed set
Polli nation intensity, measured as pollen deposition per stigma, was high but variable on

all days (Figure 3). Patches with non-emasculated flowers (field 1 and patch 5) generally
received between 5 and 10 pollen grains per stigma. Pollen deposition was significantly lower in
patches with emasculated male flowers (4,6), which depended on between-patch pollen transport
for polli nation (Kruskal-Wall is over all patches, all days combined P<0.0001). Clearly within-
patch polli nation occurred frequently in S. columbaria. There was considerable variation in seed
set, but no consistent differences between experimental treatments were found (Figure 4).
Variation in seed set between individual heads within a patch and between patches, fields and
experimental days, was very high. Consequently, no significant differences in seed set were
detected (Kruskal-Wall is).
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Figure 3 Mean number (mean ± s.e.) of pollen grains per stigma per patch. The upper right corners show the dates

of the experiments (1996). Patch 4 and 6 were emasculated and pollen grains were directly counted at all stigmas.

For the other patches estimates of the number of pollen grains per stigma were made for each female phase head.

Identical letters above bars indicate means, which are not significantly different at the 5% level (Kruskal-Walli s, all

patches together).
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Figure 4 Percentage of developed seeds per head per patch

(mean ± s.e. over the five days). Patch 4 and 6 were

emasculated. In general, ten heads per patch per day were

analysed.

Dispersal of pollen (analogues) and genes
Dispersal of pollen grains could only be observed directly in field 2, where the outer

patches had been emasculated. Although, prevention of within-patch pollination did reduce
pollen deposition on the stigmas to about one third, considerable amounts of pollen were
transported over 25m (Figure 3, compare patches 4 and 6 with patch 5, Table 3). Dispersal of
fluorescent dye powder to neighbouring patches within each field, varied between days, ranging
from approximately 5% to 30%, compared to the deposition within the source patch (Table 3).
Most dye powder was deposited within the source patch (which is set to 100%), but movement
among patches within a field (over up to 50m) occurred regularly. In general, the two fields
differed hardly with respect to the level of dispersal within each field, indicating that
emasculation did not influence transport of fluorescent dye powder (see Table 3). No significant
differences in dispersal could be detected, due to the high variation between days. Only on
September 11, dye powder dispersal in field 1 seems to be lower than in field 2, but sample sizes
were too small to allow statistical testing. Dispersal of dye powder between the two fields was
low. The amount of dye powder, which is deposited in patches in the other field, was always less
than 2.5% of the amount found in the source patch. Thus, isolation between fields was
reasonably high.
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Table 3 Relative dispersal of dye powder, alleles and pollen grains per receptor patch per observation
day. The number of particles, found in each receptor patch, is expressed as percentage of the number
deposited in the source patch. Note that field 1 consisted of three patches, which all functioned both as
source and receptor. Field 2 had only a single patch functioning as both source and receptor and
additionally two emasculated patches, which functioned as receptor only. Fluorescent dye powder was
determined on a sample of ten stigmas for each of the ten female phase flower heads per patch. Paternity
could be determined for 351, 404, 229, 303 and 72 seeds on August 16 until September 11, respectively.
Dispersal of pollen grains could be measured in field 2 only. The number of pollen grains was counted
directly on all stigmas in patch 4 and 6 and estimated in patch 5. n.a. = not applicable, can be scored only
for emasculated patches, ** dispersal of dye powder could be measured only from source patches 2 and
3, because two indistinguishable dye colours were used by accident in patch 1 and 5.

Percentage of source patch
Day (1996)

Dye powder Alleles Pollen

Within field 1 15.7 14.6 n.a.
Within field 2 ** 26.1 27.5August 16 **

Between fields 0.8 1.9 n.a.

Within field 1 24.4 17.3 n.a.
Within field 2  26.3  66.7 46.6August 22
Between fields  1.5  6.7 n.a.

Within field 1 4.9  4.4 n.a.
Within field 2  8.0  41.7 47.0September 2
Between fields  1.4  1.2 n.a.

Within field 1  23.9  6.0 n.a.
Within field 2  29.3  3.7 24.6September 6
Between fields  1.5 0.2 n.a.

Within field 1  4.4 7.2 n.a.

Within field 2  23.4  50.0 34.5September 11

Between fields  2.3  2.1 n.a.

The relatively strong isolation between the two fields was confirmed by the allozyme
analysis. Out of 3963 genotyped seeds, 1359 seeds were sired by a patch-specific allele, for
which paternity could be assigned with certainty. Gene flow was measured for each source patch
separately, by analysing the distribution of ovules sired by the patch-specific allele of that source
patch. To calculate the amount of gene flow, the number of ovules sired in each receptor patch
was divided by the number of ovules sired within the source patch itself. The average level of
gene flow for all source patches is given in Table 3. Large variation in gene flow between
different source patches, fields and days was observed. Gene flow within fields was always
higher than gene flow between fields. Except for August 22, fertilization by plants from the other
field was below 2.5% of the fertili zations within the source patch. The relatively high dispersal
of allozyme markers between fields for August 22 was not found for dispersal of fluorescent dye
powders (Table 3).

Gene flow within a field was found to be influenced by emasculation. Within field 2
dispersal of alleles was much higher than within field 1, except for September 6 (Table 3). The
difference was not statistically significant, due to low sample sizes and large variation between
source patches and days. Nevertheless, the absence of ‘ local’ pollen within emasculated patches
(4,6) increased the detection of fertilizations by pollen from the neighbouring patch (5). In
patches with intact, non-emasculated flowers (field 1), the majority of the seeds (75-90%) was
fertilized by pollen donors within the own patch (Table 3). Variation in gene flow between days
was higher within field 2 than within field 1. The absence of ‘ local’ pollen in the outer patches of
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field 2, made gene flow more susceptible to stochastic variation compared to field 1. The
transport of fluorescent dye powder was not affected by emasculation and dispersed relatively
similar in both fields. Within field 1, dispersal of fluorescent dye powder and allozyme alleles
had the same order of magnitude (see Table 3).

Averaged over five days dispersal patterns of pollen grains, fluorescent dye powder and
allozyme alleles were qualitatively similar (Figure 5). High dispersal of dye powder
corresponded generally with high pollen and gene flow. However, comparison of the values
observed for patches 4 and 6 with those of patches 1 and 3, reveals that emasculation resulted in
consistently higher estimates of dispersal levels, based on pollen counts and allozyme markers,
than based on fluorescent dye powders (Figure 5, bottom). This indicates that the estimation
methods were differently affected by emasculation.

Figure 5 Relative dispersal of pollen grains, dye

powder and alleles per receptor patch averaged over

five days (1996). Source patches are indicated. The

number of particles found in a receptor patch is

expressed as a fraction of the number deposited in the

source patch. The number of pollen grains was

counted directly on all stigmas in patch 4 and 6 and

estimated in patch 5. Fluorescent dye powder was

determined on a sample of ten stigmas, for all ten

female heads per patch. Open: dye powder, black:

allozyme alleles, hatched: pollen grains.
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Discussion
Variation between days in estimated pollen flow was high for all methods, which is in

agreement with other studies (e.g. Thomson and Plowright 1980; Campbell and Waser 1989;
Harder and Barrett 1996; Snow et al. 1996; Kwak 1997). Furthermore variation was partly
independent for the different methods, e.g. the high level of effective gene flow between fields
on August 22 was not correlated by dispersal of dye powders and a high level of dye powder
transport on September 6 was not reflected in dispersal of allozyme markers. This might be
related to the behaviour of the insects. When a single individual pollinator is largely responsible
for gene flow, high stochasticity is introduced, depending on the individual foraging pattern. A
large impact of only a single individual bumblebee was found for Phyteuma nigrum at the end of
its flowering season (Kwak et al. 1998), and is also suggested by the bumblebee movements
between our fields (Table 2). Unfortunately, syrphid flies are not useful for capture-mark-
recapture studies (own data, Ottenheim pers. comm.), making it impossible to obtain more
reliable data on individual foraging behaviour of these important pollinators. Especially on days
with relatively low visitation rates, the insects could miss by chance the heads with dye powder,
which was applied on only 25% of all male phase heads, leading to variation in dye powder
dispersal. Since all male heads possessed the same genetic marker, these could not be missed by
the insects. However, since the number of genotyped seeds is often limited, gene flow estimates
are subjected to even higher stochastic variation than dye powders.

Each method for estimating gene flow has both advantages and limitations; therefore, the
choice should depend on the specific research questions in combination with characteristics of
flowers and pollinators. Tracking individual pollinators strongly depends on the presence of the
right pollinators (e.g. bees, bumblebees or butterflies). Even then, additional experiments are
needed to obtain insight in their relative importance for polli nation, depending on characters like
body load and deposition of pollen, foraging speed, flower constancy and flight distance (chapter
2; Kwak, 1997 #455). Nevertheless, mark-recapture experiments of polli nators may provide
useful information about the potential for pollen flow between (sub)populations on relatively
large geographic scales. More direct measures of gene flow, like dispersal of dye powders or
allozyme analysis, would require enormous sample sizes, due to dilution effects with increasing
distances. In cases, where the potential target area for gene flow is limited, genetic markers will
give the most reliable estimates of effective gene flow and provide insight into the consequences
for the genetic population structure, since they include post-polli nation selection of genotypes
(Snow et al. 1996). Dispersal of dye powder does not require the availabil ity of genetic markers,
but it ignores post-pollination selection of genotypes. Dye powder is an artificial pollen analogue
with potentially different dispersal characteristics, which further limit its value for absolute
estimates of effective gene flow. Since qualitative dispersal patterns of allozyme alleles and dye
powders were similar, dye powder seems to be valuable for comparing the relative importance of
gene flow under different experimental and environmental conditions. Given the highly
stochastic nature of pollen deposition, however, all methods necessitate a sufficient level of
replication to obtain reliable estimates of gene flow.
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Habitat fragmentation may reduce the availability of pollen for fertilization of ovules.
However, reduction of pollen supply by emasculation did not influence seed set in our
experiment, since S. columbaria is visited by many different insects (bumblebees, flies,
butterflies) and received on average 30 visits per head during an experimental day (including
c.10 visits by important polli nators). Despite seasonal shifts in insect species composition, the
high visitation resulted in a high rate of polli nation of all virgin female heads, because the
number of visits by bumblebees and large syrphids remained high (above 6 visits per head). The
large syrphid flies are generally the most important polli nators (chapter 2; Kwak and Velterop,
1997) and they did not discriminate between patches with intact or emasculated male flowers.
Even in emasculated patches the pollen load of the stigmas was usually about 2 - 3 pollen grains
per stigma, which is sufficient for seed set. Figure 6 shows that initially seed set increased
linearly with the number of pollen grains per stigma (y=18.3+7,8x, r2=0.32 overall ). Saturation
of seed set is reached for approximately 4 pollen grains per stigma,  although each flower
contains only one ovule. With higher pollen loads per stigma, seed set did not increase any
further. A similar relation between seed production and pollination intensity is reported for other
plant species (e.g. Waser and Fugate 1986; Snow and Grove 1995). The saturation of seed set
with 4 pollen grains per stigma implies that almost all stigmas received sufficient pollination for
maximal seed set, even in emasculated patches. Differences in pollination intensity wil l not be
translated in differences in seed set under such saturated conditions. Additionally, variation in
seed set was very high. Part of this variation can possibly be explained by damage during
handling of the heads before the seeds ripened, leading to failure of seed set. Discrimination
between developed and failed seeds appeared to be difficult for some maternal plants. These
methodological aspects may have contributed to the finding that no significant differences in
seed set were observed.

Figure 6 Percentage developed seeds per head in relation to the mean number

of pollen grains per stigma. Only heads are shown for which pollen on all

stigmas had been counted directly (n=108). Data for the five days are

combined. Linear regression curve: y=18.3+7.8x, r2=0.32.
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We compared different methods to estimate gene flow. Dispersal of pollen is often
qualitatively similar to dye powders in carry-over experiments (e.g. Campbell 1985; Waser
1988; Rademaker et al. 1997). However, conditions in our study system are quite different from
those carry-over experiments, which considered mainly bumblebees. Scabiosa columbaria is
visited by a diverse assemblage of insects, each species having its own (unknown) carry-over
characteristics, that might have affected pollen and dye powder differently. Differences between
dispersal of pollen and dye powder may also be brought about by size differences. Pollen grains
of S. columbaria (50-70 µm) are much larger than dye powder particles (<5 µm), resulting in
lower absolute numbers and quicker saturation of the stigmatic surface for pollen. Emasculation
lowered the total amount of pollen in the system, which limited saturation of stigmatic surfaces
and enhanced estimates of pollen flow, based on counting pollen grains. For dye powder
particles, emasculation did not influence deposition opportunities to stigmas and the resulting
estimates of pollen flow were not affected by emasculation. Such quantitative differences
between methods for estimating pollen flow (as also reported by Snow et al., 1996) might
hamper studies aimed at the estimation of absolute amounts of gene flow by pollen in plant
populations. Nevertheless, the qualitative agreement between dispersal of pollen grains and
fluorescent dye powder was reasonably high, making both methods useful for comparative
studies to changes in the relative importance of pollen flow.

We found high stigmatic pollen loads in all patches. The availabil ity of multiple pollen
grains might allow competition between those pollen grains for fertilization and selection by the
mother plant for pollen with the highest quality, leading to increased fitness of the seeds (Eckert
and Barrett 1994). Such pollen competition can change the relative fertilization success of pollen
grains from different source patches, resulting in a difference between estimates of gene flow
based on the allozyme analysis on the one hand, and dispersal of dye powder particles, which do
not compete with each other, on the other hand. When we prevented within-patch pollination by
emasculation, the success in fertilization of between-patch pollen was increased, indicating that
competition between local and imported pollen occurred. Local pollen will on average reach
stigmas earlier and in larger numbers, reducing the success of pollen arriving thereafter from
other patches. In natural populations of S. columbaria this competition with local pollen wil l be
even larger, because natural populations consist of about 85% male phase flowers (based on the
duration of male and female phase flowering), while in our experiments this was only 67%. Due
to the lower availability of local pollen in our experiments, we have slightly overestimated the
absolute amount of effective gene flow between patches compared to natural populations, even
in field 1, where male flowers were not emasculated.
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Fragmentation had no significant effects on seed set in our experiments, probably due to
the high visitation rates, which resulted in high pollination intensity. We used small patches of S.
columbaria, but with very high flower densities, making those patches attractive to polli nators.
Fragmentation will often result in both smaller population sizes and reduced flower density.
Reductions in density are regularly accompanied by low pollination intensity and a decline in
seed set (e.g. Van Treuren et al. 1994; Kunin 1997; Kwak et al. 1998). Increased distances
between patches, due to fragmentation, showed a clear increase in intra-patch fertilization
success, as is also reported for Silene alba by Richards et al. (1999). As a consequence of the
leptokurtic distribution of dispersal distances, an isolation distance of 65m (between fields) was
sufficient to limit strongly gene flow between patches. A possible long-term consequence of
such reduced pollen flow is an increase in biparental inbreeding in small and isolated patches,
resulting in inbreeding depression and a decline in fitness. In conclusion, fragmentation affects
pollinator behaviour, leading to an increase in intra-patch movements at the cost of inter-patch
movement. These changes in polli nator flight patterns imply an increased biparental inbreeding
and geitonogamous selfing, which may have negative fitness effects (Van Treuren et al. 1993a).
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