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Summary

1

 

Habitat fragmentation and the resulting decline in population size can affect biotic
interactions and reproductive success of plant species. We investigated the impact of
habitat type, population size, morph type and frequency, plant density, floral display
and predation on different reproductive components in 16 populations of the distylous
self-incompatible perennial herb, 

 

Primula vulgaris

 

, a rare, declining species in Belgium.

 

2

 

Although habitat type accounted for significant variation in population size, we did
not find any relation between habitat type and either reproductive and vegetative char-
acteristics. Population size, however, strongly affected reproductive success, such that
plants in small populations produced significantly fewer fruits per plant and seeds per
fruit, and therefore fewer seeds per plant.
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No significant difference was found between morph types for any reproductive char-
acteristic, nor an interaction with population size. However, when morph frequency was
strongly biased (

 

≥

 

 1 : 3), the proportion of flowers setting fruit and the number of seeds
per fruit were significantly lower in individuals of the common morph type.
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Within populations, individual plants varied tremendously in size and floral display.
Total number of fruits per plant significantly increased with floral display, but the highest
fruit set per flower was found at intermediate flower number.
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The proportion of fruit suffering pre-dispersal predation per plant significantly
increased with floral display, but this did not offset the potential fitness gains of pro-
ducing a large display. Furthermore, the absolute number of predated fruits per plant
was significantly and positively affected by the interaction of the total number of fruits
per plant and the density of the population.
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Introduction

 

Habitat destruction and fragmentation are processes
that threaten terrestrial plant ecosystems around the
globe (Burgess 1988; Saunders 

 

et al

 

. 1991). In extreme

cases, previously widespread plant communities now
persist only in a vestigial state, with populations of
their constituent species restricted to small and geo-
graphically isolated habitat remnants, e.g. 

 

Primula
veris

 

 and 

 

Gentiana lutea

 

 (Kéry 

 

et al

 

. 2000) and 

 

Arnica
montana

 

 (Luijten 

 

et al

 

. 2000). These processes, caused
by natural disturbance regimes and, especially, increas-
ing anthropogenic land use changes, have detrimental
impacts on the number and size of many plant popu-
lations, factors believed to increase their local extinc-
tion risk (Ouborg 1993; Lynch 

 

et al

 

. 1995; Lienert &
Fischer 2003). The perennial herb 

 

Primula vulgaris
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Huds. (Endels 

 

et al

 

. 2002a) shows such a dramatic
decline in Belgium, and may illustrate the processes
that lead towards extinction.

Besides their decrease in area, small habitat patches
are subject to deteriorating environmental conditions
(edge effects) such as nutrient enrichment, changes in
moisture conditions and herbicide drift, which may
affect vegetation structure and composition, and con-
sequently may result in a decrease of species diversity
(Kleijn & Verbeek 2000). In 

 

Primula vulgaris

 

, Whale
(1984) also showed that increasing competition and
decreasing light penetration through the vegetation
canopy reduced flower production. The resulting decline
in total diversity of insect-pollinated plant species and/
or reduced flowering, may result in decreased pollinator
attractiveness at many sites (Kwak 

 

et al

 

. 1998).
Population demographic traits, such as population

size and plant density may have a great impact on
plant–animal interactions, reproduction and popula-
tion dynamics (e.g. Oostermeijer 

 

et al

 

. 1994; Fischer &
Matthies 1998; Kéry 

 

et al

 

. 2000; Jacquemyn 

 

et al

 

. 2003).
Small and sparse floral patches may fail to attract suf-
ficient pollinators (Sih & Baltus 1987; Jennersten 1988;
Ågren 1996; Kwak 

 

et al

 

. 1998), leading to pollen limi-
tation and reduced seed set (Bosch & Waser 1999). This
process may be the cause of reduced fecundity in small
populations of several insect-pollinated species, e.g.

 

Silene regia

 

 (Menges 1991), 

 

Senecio integrifolius

 

 (Widén
1993), 

 

Gentianella germanica

 

 (Fischer & Matthies 1998)
and 

 

Primula elatior

 

 (Jacquemyn 

 

et al

 

. 2002). Plant dens-
ity may also affect visitation rates and foraging behavi-
our of pollinators and, consequently, seed output (Sih
& Baltus 1987; Van Treuren 

 

et al

 

. 1994; Roll 

 

et al

 

. 1997).
Specific traits can influence the fecundity of an indi-

vidual plant. Floral display may increase pollinator
approaches and prolong visiting times (Klinkhamer
& de Jong 1990; Cresswell 1997), such that many-
flowered plants attract more pollinators (Ohashi &
Yahara 1998) and have longer visitation times, as pol-
linators make more flights between flowers on the
same plant (Klinkhamer & de Jong 1990). However, in
self-incompatible species this can be a disadvantage
because of  the decrease in the overall rate of  cross-
pollination (Andersson 1988; Klinkhamer & de Jong
1990; Cresswell 1997). It is well known that genetic
traits may lower reproductive success and vigour because
of increased inbreeding and genetic load, increased
abortion and reduced fecundity (Barrett & Kohn 1991;
Ellstrand & Elam 1993; Oostermeijer 

 

et al

 

. 1996;
Fischer & Matthies 1998).

Even if  seed is set, the reproductive success of an
individual and/or population will depend on fruit pre-
dation (García 

 

et al

 

. 2001), which can dramatically
decrease reproductive success and therefore may affect
demographic processes (Englund 1993; Hulme 1997;
García 

 

et al

 

. 2001).
All these determining factors can influence the via-

bility of plant species in small populations, particularly
if  growing in suboptimal, more stressful conditions.

Moreover, sustainability is even more affected for plant
species showing a self-incompatible breeding system
(Byers & Meagher 1992; but see Aizen 

 

et al

 

. 2002). In
heterostylous plants with intramorph-incompatibility,
morph frequencies have frequently been found to devi-
ate from equality in small natural populations, as in the
primrose (Endels 

 

et al

 

. 2002a,b). This can be due to
genetic drift, founder effects or population bottlenecks
(Byers & Meagher 1992; Eckert & Barrett 1992; Byers
1995; Mal & Lovett-Doust 1997; Jacquemyn 

 

et al

 

.
2002). The dominant morph did not depend on popu-
lation size, indicating that morph bias in small popu-
lations is the result of demographic stochasticity
(Endels 

 

et al

 

. 2002b).
Although several authors (e.g. Jennersten 1988;

Jennersten & Nilsson 1993; Fischer & Matthies 1998;
Kéry 

 

et al

 

. 2000) studied the relationship between
abundance of flowering plants and its effect on plant
fitness, little is known about the impact of limited mate
availability on the reproductive success of populations
(Byers & Meagher 1992). Moreover, biased morph
frequencies may interact with the limited pollinator
attraction observed in small populations to further
decrease seed set (Byers 1995).

We investigated reproductive and vegetative compo-
nents at the population as well as the individual plant
level, in relation to population size, mate availability
(morph bias), morph type, plant density and predation
in populations of 

 

P. vulgaris

 

. Only 89 populations remain
in Belgium, and the species is almost completely
restricted to small landscape elements (Endels 

 

et al

 

.
2002a). Data from a long-term study showed that both
the number and size of primrose populations has
decreased dramatically during the last 14 years as a
result of intensive agricultural land-use, in particular
the conversion of permanent pastures to arable fields
and the destruction of the ecological network of
ditches, verges and small forest patches (Endels 

 

et al

 

.
2002a). This self-incompatible, distylous species there-
fore provides great opportunities to study reproductive
success and plant performance in remnant natural
populations, as well as to test the hypothesis that the
reproductive output of small populations with a biased
morph frequency will be particularly sensitive.

More specifically, we address the following questions:

 

•

 

Does adjacent land use influence vegetative and
reproductive characteristics of 

 

Primula vulgaris

 

, as well
as demographic traits (Endels 

 

et al

 

. 2002a)?

 

•

 

Does reproductive success increase with (i) increas-
ing population size and (ii) increasing plant density?

 

•

 

Are there differences in reproductive characteristics
between the two morph types, and if  so, can these be
related to population size?

 

•

 

Do biased morph frequencies affect fruit and seed set?

 

•

 

How do plant traits (plant size, floral display) affect
reproductive success?

 

•

 

Does fruit density influence pre-dispersal fruit
predation at plant and population level, and does
predation in turn affect reproductive success?
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Methods

 

 

 

P vulgaris

 

 (Primulaceae), primrose, is a perennial herb
of moist, shaded habitats, with a North Atlantic and
Mediterranean distribution (Hegi 1975; Whale 1984;
Hultén & Fries 1986). In England, the species mostly
grows in woodland (Whale 1984; Valverde & Silver-
town 1995), but it can also be found in hedges and old
grasslands that are protected from drought (Valentine
1948; Rackham 1980). In Flanders (Belgium), primrose
is mainly confined to moist ditch banks, road verges,
hedgerows, forest edges and woodland (Endels 

 

et al

 

.
2002a).

Flowers appear in early spring (February to April );
they are pale yellow, borne on separate stalks. The
species is distylous, the genes controlling distyly being
linked to a sporophytic incompatibility system as a
super-gene (Dowrick 1956). Pin plants are the recessive
(ss) and thrum plants the heterozygous (Ss) genotype
(Richards 1986). Because the incompatibility mech-
anism works on the principle of self-rejection, seed set in

 

P. vulgaris

 

 results from between-morph (legitimate)
crosses (thrum 

 

×

 

 pin and pin 

 

× 

 

thrum) (Richards 1986).
Disassortive mating is promoted by the different posi-
tion of anthers and stigmas in the two morphs (pin
plants are long-styled and their anthers are near the
base of the corolla, whereas in thrum plants the anthers
are positioned above the short style). The pollinators of

 

P. vulgaris

 

 are mainly long-probed insects (bumblebees,

 

Bombylius

 

 species and moths), but also pollen-gathering
bees (Woodell 1960) and its relatively early flowering
period means that there are few other food plants avail-
able for nectar- and pollen-feeding insects. 

 

P. vulgaris

 

 is

myrmecochorous, because of the presence of an elaio-
some, but occasionally seeds can be dispersed further
by small mammals, mainly rodents (Valverde & Silver-
town 1995). However, dispersal remains quite restricted
and colonization of new habitats is a rare event. As a
consequence, primrose clearly shows a local, clumped
distribution pattern. The plant overwinters as a green
rosette and vegetative spread occurs, albeit within very
short distances, through the production of lateral
rosettes. Although individual rosettes can die off, indi-
vidual plants are relatively long-lived (10–30 years)
(Boyd 

 

et al

 

. 1990).

 

     
   

 

(

 

, ,    
 

 

)

 

A total of 16 populations located in the vicinity of
Bruges (northern Belgium) were studied. Groups of plants
separated by 100 m or more from the next conspecifics
were considered as separate populations. Most popu-
lations lay at least several hundred metres apart.

Following Endels 

 

et al

 

. (2002a), who analysed the
occurrence of 

 

P. vulgaris

 

 in Belgium, populations were
divided into three groups, depending on whether they
were found in the verges of pastures (

 

n

 

 = 6), the verges
of arable fields (

 

n

 

 = 5) or forests (

 

n

 

 = 5) (Table 1).
Population size was determined as the number of

flowering individuals and ranged from 1 to 700 flower-
ing individuals (Table 1).

The number of pin and thrum individuals was
counted in 1999 for all populations. Morph bias was
calculated for each population as the absolute value of
the difference in number of individuals of the two morphs,

Table 1 Summary data for the 16 studied populations of P. vulgaris

Population Habitat type Population size* Plant density† Morph bias‡

1 Ten Torre Kasteel 1 Pasture 1 1.00 +
2 Ten Torre Kasteel 2 Forest 4 4.2 0.50 –
3 Vakeleie1 Arable field 13 7.8 0.15 +
4 Ten Torre Kasteel 3 Pasture 16 1.6 0.50 –
5 Donk West Arable field 24 3.5 0.01 +
6 Noordermeers Forest 29 17.1 0.10 –
7 Eyck ter Schans Forest 35 8.1 0.17 –
8 Damme Golf Arable field 48 2.2 0.67 +
9 Dale Arable field 66 7.4 0.08 –
10 Ziltedreef 1 Arable field 97 11.8 0.03 –
11 Kerkhof Donk Forest 104 17.8 0.07 –
12 Ziltedreef 2 Pasture 131 26.0 0.05 +
13 Zandberghoeve 1 Pasture 137 7.4 0.13 –
14 Vakeleie 2 Pasture 145 24.9 0.03 +
15 Zandberghoeve 2 Pasture 317 25.6 0.03 +
16 Merkenvelde Forest 700 15.2 0.02 –

*Number of flowering individuals per population.
†Number of flowering plants per m2.
‡| Number of pin individuals – number of thrum individuals |/total flowering individuals.
– = Pin individuals in minority.
+ = Pin individuals in majority.
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divided by the total number of flowering plants  (Table 1).
It can vary from 0 (both morph types in equal fre-
quency) to 1 (only one of the two morph types present).
It was impossible to determine the morph type of some
individuals, mostly due to damage by grazing, and the
calculated morph bias of some populations was there-
fore slightly different from the true field value.

Population density (N m

 

−

 

2

 

) was calculated by divid-
ing population size (number of flowering individuals)
by area (m

 

2

 

) (Table 1). Because almost all populations
were growing in linear landscape elements (ditch banks
and verges), population area was measured as the
product of length and width of the population.

 

   
    
 

 

In each population 20 flowering rosettes were ran-
domly chosen and individually marked, resulting in a
total of 265 plants.

In April 2000, we measured plant size (circumfer-
ence of all rosettes, in cm), morph type, the number of
flowers (floral display) and leaves, and the length and
width of the three longest leaves on each plant.

All locations were visited again at fruiting time
(June), and the number of initiated fruits (capsules) and
predated fruits was counted for each individual. Fruit
capsules could generally be relocated quite accurately,
because rodent predation leaves an empty damaged
fruit capsule, still hanging on the flower stalk, and other
predators leave a well-developed flower stalk. If  plants
were damaged by grazing and/or anthropogenic disturb-
ance, they were omitted from further analysis.

From each plant, five mature, unopened fruits were
collected; their seeds were counted and weighed to the
nearest 0.001 g. Total number of seeds per plant was
calculated as the average number of seeds per fruit mul-
tiplied by the total number of fruits per plant. Mean
seed mass was calculated as the total seed mass of five
collected fruits divided by the number of seeds. Total
seed mass was calculated as the total number of seeds
per plant (number of fruits per plant multiplied by the
mean number of seeds per fruit) multiplied by mean
seed mass. Components of reproductive success were
determined as the percentage of flowers that developed
into fruits (capsules), number of seeds per fruit, total
seeds per plant, mean seed mass and total seed mass.

 

 

 

The effects of  habitat type (pasture, arable field and
forest populations) on reproductive and vegetative char-
acteristics were tested using a nested 

 



 

 model with
habitat type as a fixed factor and population as a ran-
dom factor nested in habitat type (Neter 

 

et al

 

. 1996).
The relationship between population characteristics

and reproductive output was assessed using mixed-
model regression. The number of flowers and fruits per

plant, fruits per flower, number of seeds per fruit, seeds
per plant, mean seed mass and total seed mass per plant
were entered as dependent variables. Plant size, floral
display and population characteristics (such as popu-
lation size, morph bias and plant density) were entered
as fixed effects, while population ID was entered as a
random factor. Population size and morph bias turned
out to be correlated but as this was only due to three
small populations with a strong morph bias (

 

≥

 

 0.5), the
analysis was repeated with these populations omitted.

Differences between morph types for the number of
flowers and fruits per plant, fruits per flower and seeds
per fruit were analysed with a mixed-model 

 



 

.
Morph type as a fixed effect was tested against the
morph-by-population size interaction, while popula-
tion ID was entered as a random factor.

We expect that large biased morph frequencies might
reflect a lower proportion of flowers actually fertilized
and lower seed set per fruit in individuals of the more
common morph type, especially if populations are small.
The three populations that had a morph bias 

 

≥

 

 0.5
were used to investigate if mate availability affected repro-
ductive success. A mixed-model 

 



 

 was used to
test whether the proportion of  flowers setting fruit
and the number of seeds per fruit depended on morph
type abundance. Morph type (minority and majority)
and the number of flowers (covariate) were entered as
fixed factors, while population ID was entered as a ran-
dom factor. The proportion of flowers setting fruit was
based on total fruit number per plant divided by the
number of flowers produced.

To analyse the influence of floral display (number of
flowers per plant) on the proportion of flowers setting
fruit and the total number of fruits per plant, we per-
formed further mixed-model regressions. Population
size and population ID were entered as covariate and a
random factor, respectively.

Mixed-model regression was also applied to analyse
the relationship between the number and proportion of
predated fruits per plant on the one hand and plant
density, the number of fruits per plant (independent
variables) and their interaction (fixed effect) on the other.
Population ID was again entered as a random factor.

Variables were transformed (log or square root) if
necessary to achieve normality and homoscedasticity
of residuals.

Mixed-model regressions and 

 



 

 were analysed
using proc MIXED in SAS 8.02 (Littell 

 

et al

 

. 1996).
The degrees of freedom of the fixed effects 

 

F

 

-test were
adjusted for statistical dependence using Satterthwaite
formulas. Variance components were estimated by
restricted maximum likelihood (REML). Even in the
situation when both variables (X and Y) were subject to
an error (measurement and/or biological error), Model
I regression was used, because an unambiguous and
optimal Model II strategy is still an open question
(Sokal & Rohlf 1995). Univariate linear and non-linear
regressions were analysed using Statistica (Version 6).
The nested 

 



 

 model was fitted in SPSS (Version 10.0).
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Results

 

Although 50% of the studied populations was smaller
than 50 individuals, main reproductive components
(number of flowers, fruits and seeds per plant) were
quite high (Table 2). Few of  the reproductive and
vegetative components differed between the different
habitat types, but all were significantly different among
populations within habitat types (

 

P

 

 < 0.05). Only in
the case of mean seed mass and mean leaf length was
there a significant habitat effect (

 



 

; 

 

F

 

1,12

 

 = 4.08,

 

P

 

 = 0.040; 

 

F

 

1,13

 

 = 202.27, 

 

P

 

 = 0.021). Seeds produced
by individuals growing in arable field populations were
significantly lighter (1.3 mg) compared with seeds from
pasture and forest populations (1.5 and 1.6 mg, respect-
ively). Plants growing in pastures produced longer
leaves (16.3 cm) than those in forest and arable field
populations (14.2 and 13.5 cm, respectively).

The number of flowers per plant was mainly deter-
mined by plant size (measured as circumference) and
population size (Table 3). Large individuals and plants
from large populations developed more flowers. There
was, however, no relationship between plant size and
population size (

 

F

 

1,13.7

 

 = 6.02, 

 

P

 

 = 0.124). A much
higher proportion of flowers developed into fruits in
large than in small populations (Table 3, Fig. 1b), and
consequently the number of fruits per plant was higher
(Table 3, Fig. 1a). Both reproductive components were
also significantly positively influenced by floral display
(Table 3). Seed production per fruit significantly in-
creased with population size (Table 3, Fig. 1c), floral
display and leaf  length (Table 3). As a result, the
number of seeds per plant was also significantly and
positively dependent on plant and population size
(Table 3, Fig. 1d). Plants growing in large populations
produced more seeds than individuals in small popu-
lations. Total seed mass per plant only increased with
plant size, and mean leaf length had a positive impact
on mean seed mass (Table 3). The impact of population
size on fruit and seed set was still significant (

 

P

 

 < 0.05),

except for the number of seeds per fruit, if  three popu-
lations with a morph bias 

 

≥

 

 0.5 were omitted from the
analysis.

Of the 265 selected plants over the 16 populations,
122 individuals were pin and 143 were thrum plants.
Pin plants did not differ significantly from thrum indi-
viduals in any of the four reproductive characteristics
studied and no interaction was found with population
size (Table 4).

In the three populations with a morph bias 

 

≥

 

 0.5,
individuals of the minority morph type had a signi-
ficantly higher proportion of flowers setting fruit and
produced a significantly larger number of seeds per fruit
than the majority morph type (Table 5). The number of
seeds per fruit was significantly and positively affected
by the number of flowers per plant (Table 5).

At the individual plant level, the proportion of flowers
that developed successfully into fruits decreased
significantly with floral display (

 

F

 

1,6.56

 

 = 15.08, 

 

P

 

 =
0.007, Fig. 2a). However, net fruit production per plant
significantly increased with floral display (

 

F

 

1,13.1

 

 =

Table 2 Overall mean (± SE) of vegetative and reproductive
characteristics in 16 populations of P. vulgaris

n Mean (± SE)

Vegetative variable
Plant circumference (cm) 265 15.3 ± 11.3
Number of leaves 265 31.1 ± 25.6
Leaf length (cm) 265 14.9 ± 4.2
Leaf width (cm) 265 4.6 ± 1.0

Reproductive variable
Flowers per plant 265 30.7 ± 30.1
Flowers setting fruit 221 0.35 ± 0.30
Fruits per plant 229 5.4 ± 8.5
Seeds per fruit 181 31.8 ± 18.1
Seeds per plant 221 194.5 ± 424.1
Mean seed mass (mg) 175 1.5 ± 0.6
Seed mass per fruit (mg) 175 46.4 ± 28.0
Total seed mass per plant (mg) 174 346.8 ± 671.1

Table 3 Mixed model regression analysis of population
variables (population sizea, plant densityb, morph biasc) and
vegetative variables (plant sized, leaf  lengthe) on seven
parameters of reproductive success in P. vulgaris. *P < 0.05,
**P < 0.01, ***P < 0.001

Variable
Parameter 
estimatef  d.f. F-value

Flowers per plant (n = 265)
Plant size 1.124 12.3 1154.97***
Population size 0.078 13.7 5.14*

Fruits per flower (n = 229)
Number of flowers  −0.336 9.45 9.24*
Population size 0.251 15 4.44*

Fruits per plant (n = 229)
Number of flowers 0.411 10 17.08**
Population size 0.221 13.4 3.37*

Seeds per plant (n = 185)
Plant size 0.002 12.5 9.58**
Population size 0.157 9.83 3.41*

Seeds per fruit (n = 181)
Number of flowers  −0.007 13.2 3.50*
Population size† 0.179 7.14 5.85*
Mean leaf length 0.014 89.1 5.01*

Total seed mass (n = 174)
Plant size 570.36 95.7 12.14***

Mean seed mass (n = 175)
Mean leaf length 0.865 164 5.59**

aLog(total flowering plants).
bLog(flowering plants m−2).
c| number thrum plants – number pin plants |/total 
flowering plants.
dLog(plant circumference).
eLog(mean length of the three longest leaves).
fParameter estimates were derived from the reduced model 
with only variables that had a significant effect.
†Not significant when three populations with the strongest 
morph bias were omitted.
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16.17, P = 0.001, Fig. 2b). No significant interaction
was found between floral display or population size
and either reproduction component (respectively F1,10.3 =
0.63, P = 0.445 and F1,29.4 = 1.61, P = 0.214).

Fig. 1 Relationship between log population size and (a) mean number of fruits per plant (Y = e(0.84×X)), (b) mean proportion of
flowers setting fruit (Y = 0.09 + 0.13 × X), (c) mean number of seeds per fruit (Y = 10.59 + 10.58 × X) and (d) mean number of
seeds per plant flower (Y = 1.98 × e(1.98×X)) in P. vulgaris. *P < 0.05; **P < 0.01; ***P < 0.001.

Table 4 Mixed model  of  the effects of morph type
and the interaction of morph type and population size on four
parameters of reproductive success in P. vulgaris

Effect F-value  d.f. P

Flowers per plant (n = 265)
Morph 2.64 1, 11.6 0.131
Morph × Population size 3.36 2, 2.65 0.188

Fruits per flower (n = 229)
Morph 0.24 1, 15.6 0.628
Morph × Population size 0.84 2, 13.6 0.454

Fruits per plant (n = 229)
Morph 0.12 1, 15.9 0.731
Morph × Population size 3.20 2, 15.6 0.069

Seeds per fruit (n = 181)
Morph 0.02 1, 179 0.891
Morph × Population size 1.90 2, 26.6 0.169

Table 5 Mixed model  of  the effects of morph bias
(morph type in minority and morph type in majority) and the
number of flowers on the proportion of flowers setting fruit
and the number of seeds per fruit in three populations with a
morph bias equal to or larger than 1 : 3 in P. vulgaris

Effect F-value d.f. P

Fruits per flower (n = 31)
Morph type 
(minority vs. majority)

62.03 1, 25.7 < 0.001

Number of flowers 0.46 1, 1.94  0.568

Seeds per fruit (n = 17)
Morph type 
(minority vs. majority)

5.67 1, 12.3  0.034

Number of flowers 10.60 1, 12.4  0.007

Fig. 2 The effect of floral display (log(number of flowers per
plant + 1)) on (a) the number of fruits per flower (Y = 0.57 –
0.24 × X) and (b) number of fruits per plant (Y = 0.17 +
0.31 × X) in P. vulgaris. The dotted line represents a regression
slope = 1.
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Although, net fruit predation was not related to
either density (F1,30.7 = 2.23, P = 0.146) or fruits per
plant (F1,217 = 3.58, P = 0.059), it was significantly
affected by their interaction (F1,217 = 13.58, P < 0.001).
Fruit predation thus increased significantly with the
number of fruits per plant when the density of those
plants increased. When the proportion of fruits pre-
dated per plant was considered, the total number of
fruits had a significant impact (F1,217 = 17.52, P < 0.001,
Fig. 3), but density (F1,17.2 = 0.96, P = 0.340) and inter-
action did not (F1,217 = 0.22, P = 0.637).

Discussion

Although habitat effects have been observed on popu-
lation characteristics of this species (Endels et al.
2002a), they were not detected for most of the repro-
ductive and vegetative components investigated in the
present study. Furthermore, plants in Flanders pro-
duced twice as many flowers, fruits and seeds per plant,
compared with plants growing in Buckinghamshire
(Valverde & Silvertown 1995). Most populations in
Flanders occur in small landscape elements (such as
ditch banks, road verges and hedgerows) near pastures
and arable fields. Pronounced differences in light and
nutrient conditions at these locations compared with
the environmental conditions in Fraximus excelsior–
Acer campestris–Mercurialis perennis woodland in
England may therefore explain the observed difference
in flower and seed production.

Population size effects appear to underlie the reduced
reproductive success in the studied populations of P.
vulgaris. Several lines of  evidence suggest that this
is driven by alterations in demographic factors and
pollination success in small and sparse populations.
Bumblebees, which are important pollinators for prim-
rose (Woodell 1960), have been shown to fertilize higher
proportions of flowers in larger and more dense popu-
lations (Sih & Baltus 1987; Jennersten 1988; Rathcke &
Jules 1993). Insufficient quantity and quality of pollen
may therefore reduce the number of fruits per plant and
seeds per fruit (Klinkhamer & de Jong 1990; Cresswell

1997; Kwak et al. 1998; Mustajärvi et al. 2001). The
fact that small populations often grow under deterior-
ating site conditions (Jacquemyn et al. 2003) may also
contribute (Vergeer et al. 2003a,b).

In intramorph incompatible, distylous plants, popu-
lations with a biased morph frequency may experience
reduced reproduction (Byers & Meagher 1992). Although
heterostyly was thought to have evolved as a means
of avoiding inbreeding and of ensuring the effective
exchange of pollen between different mating types
(Barrett 1992), it may result in a lower fruit and seed set
when morph frequencies move away from 50% (Byers
& Meagher 1992). Our results indicate reduced avail-
ability of compatible pollen for stigmas of the majority
morph type in strongly biased populations. This is in
agreement with findings of Kéry et al. (2003), that an
increasing morph bias in the related Primula veris neg-
atively affected reproductive success. Similar patterns
of decreased seed set and of higher variance among
plants in the proportion of flowers setting fruit in
smaller populations were observed in Eupatorium res-
inosum (Byers & Meagher 1992) and Primula elatior
(Jacquemyn et al. 2002). Furthermore, we found no
differences in the reproductive characteristics of the
two morph types and no interaction was observed with
population size. This is consistent with studies on the
related P. elatior (Jacquemyn et al. 2001) and P. veris
(Kéry et al. 2003), and on other heterostylous plants
(e.g. Husband & Barrett 1992; Mal & Lovett-Doust
1997). Hence, we may conclude that the negative
effect of population size on the process of reproduction
can be stronger if  morph frequency is significantly
skewed.

Finally, genetic factors, such as inbreeding, may also
contribute to reduced reproduction in small popula-
tions (Soulé 1986). In contrast to results found for sev-
eral self-compatible species (Oostermeijer et al. 1994;
Van Treuren et al. 1994; Heschel & Paige 1995; Fischer
& Matthies 1998), an increased frequency of close
inbreeding is unlikely to cause lower fecundity in P.
vulgaris, as primrose is an obligate out-crosser, and
self-pollination cannot occur or is very restricted in pin
morphs (Woodell 1960; Richards 1986). This most
extreme form of inbreeding is probably a very rare
event, and only biparental inbreeding is likely to occur
in the field. A study of allozyme variation and structure
of populations from the same region showed no rela-
tionship between Wright’s inbreeding coefficient (FIS)
and population size or plant density (Van Rossum
et al., unpublished results).

Within populations, individual plants varied tre-
mendously in size and floral display. Although one may
expect that increasing floral display might result in
increased reproductive success, it appeared that such
investment had significant costs. The optimal floral dis-
play, in terms of successful development of fruits on a
per-flower basis, decreased significantly with increas-
ing floral display. Individual flowers may thus have a
lower probability of being successfully pollinated on

Fig. 3 Relationship between log fruits per plant and the
proportion of predated fruits per plant (Y = 0.02 + 0.39 × X)
in P. vulgaris. ***P < 0.0001.
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large plants than on small ones, suggesting that differ-
ences in pollinator service may be the causal factor.
Previous studies have shown that pollinator visitation
rates and visit durations were positively related to
floral display (Mitchell 1994; Brody & Mitchell 1997;
Murren 2002). Although individual bumblebees usually
visit a larger total number of  flowers per plant and
remain longer on large plants (Waser & Price 1984;
Geber 1985; Ohashi & Yahara 1998), the proportion of
flowers visited decreases with plant size (Andersson
1988; Klinkhamer et al. 1989). If a pollinator is assumed
to deposit cross-pollen only on the first few flowers, the
chances of cross-pollination will decrease with increas-
ing floral display. As a consequence, the ‘effective’
visitation rate per flower decreases very rapidly with size
and hence the optimal plant size is expected to be small
(Andersson 1988).

Furthermore, large floral displays are likely to attract
other visitors, such as pre-dispersal fruit predators
(Zimmerman & Pyke 1988; Brody & Mitchell 1997;
García et al. 2001), which might modulate the effects
of floral display on pollination success. In P. vulgaris,
Valverde & Silvertown (1995) showed that the number of
fruits per plant affected pre-dispersal fruit predation
by small rodents. Analogously, proportional fruit pre-
dation here was significantly larger in plants with large
displays, while there appeared a significant interaction
between plant density and the total number of fruits
produced per plant on the absolute number of predated
fruits per plant. Similar results were found by Englund
(1993) and García et al. (2001) in Viburnum opulus and
Juniperus communis, respectively.

However, the positive effects gained through increased
fruit and seed set are not entirely counteracted by the
negative effects of higher losses expressed on a per-
flower and per-fruit basis. It can be misleading to express
reproductive success on a per-flower or per-fruit basis,
as selection responds to the total reproduction of a
plant. During a 4-year study, Endels et al. (unpublished
results) found that neither floral display nor total fruit
production affected future flowering performance or
survival in P. vulgaris. This suggests that the costs of
reproduction due to high floral displays and increased
seed production will not reduce future survival and
flowering rates. Furthermore, initiating a large number
of flowers may allow plants to selectively abort fruits
and seeds and thereby increase the average quality of
the remaining offspring, as has been shown in Lotus
corniculatus (Stephenson & Winsor 1986) and Cynoglos-
sum officinale (Melser & Klinkhamer 2001). Even if
flowers fail to set fruit, they may still function as pollen
donors and thereby increase the number of seeds that a
plant sires (Stanton et al. 1986).

A better understanding of the relationship between
population characteristics and reproductive compo-
nents is essential for effective conservation and man-
agement of rare and threatened plant species. While
most previous studies of  small populations have
focused on isolation, population size and genetics, the

breeding system of a plant may also have an impact on
seed set and therefore influence minimal viable popu-
lation size estimates and management strategies
(Aspinwall & Christian 1992; DeMauro 1993; Husband
& Barrett 1996; Luijten et al. 2000). However, further
experimental studies are needed to separate the effects
of population size and morph bias and their interaction
on the reproductive output of a population.
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