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INTRODUCTION
Ecological levels
The aim of this thesis is to investigate whether a high biodiversity is important for the pol-
lination of insect-pollinated wild plant species in a context of agricultural land use. The
answer to the question about the importance of biodiversity for pollination will differ
between ecological levels: at plant community level, a high pollinator diversity can be
important for the pollination of all plant species (chapters 2-4 and 8), while an individual
plant species will often only need its particular pollinators (chapters 5-7). Patterns
observed at community level are not necessarily observed at species level: in chapter 5,
plant species richness was not correlated with plant linkage level (the number of visiting
insect species) of some selected plant species, while in chapter 4 the mean linkage levels
of all plant species combined were correlated with plant species richness.

In chapter 1, I mentioned three types of hypotheses about the relation between biodi-
versity and ecosystem functioning, that can also be applied to the relation between biodi-
versity and pollination. Firstly, the redundancy type (all species in an ecosystem or com-
munity are equal), secondly, the keystone-species type (a pollination community is sta-
bilised by several keystone species or "interaction nodes" in a plant-pollinator network),
and thirdly, the context-dependence type (the effect of biodiversity depends on the con-
text). Although these hypotheses are meant for ecosystems or communities, the ideas can
also be applied to individual species. In this chapter I will discuss which type of hypothe-
ses can be applied to the relation between biodiversity and pollination at community and
plant species level.

Biodiversity includes the diversity of plants and insects, that have different effects on
pollination (see chapters 5, 6 and 8), but that are also highly related to each other in vari-
ous ways (chapters 3 and 4). Diversity can be regarded as species diversity, but also func-
tional diversity (the flower types and insect groups introduced in chapter 2). Both of them
were used in several chapters. The answer to the main question and the type of hypothe-
sis thus also depends on whether biodiversity means the total plant and insect diversity,
plant diversity or insect diversity .

Topics for discussion
Landscape or land use (the matrix of habitats with the various types of land use), plant
and insect community (species richness, abundances of flowers and insect individuals,
and functional and species compositions in the road verges), individual behaviour, visita-
tion of flowers, pollination and seed set are the core aspects and processes that are
thought to be important concerning the role of biodiversity for pollination (chapter 1, fig.
1.3). Table 9.1 shows in which chapters these aspects were studied. One important
aspect, the individual behaviour of insects, got relatively little attention and was only
directly measured in chapter 7. Therefore I will pay special attention to the individual
behaviour of insects in relation to biodiversity at the beginning of the discussion.

The importance of biodiversity will be discussed according to ecological level (commu-
nity or species). Furthermore, I will discuss spatial and temporal aspects, such as habitat
fragmentation, landscape history, long-term processes.
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Analysing the effect of the management (mowing) of road verges and ditch banks on polli-
nation was not the goal of this thesis, but due to its frequent occurrence it cannot be
ignored. Data about the effects of mowing on flowering and flower visitation available from
this study will be shown in box 9.1. Management and nature conservation in general will
be discussed at the end of this chapter.
Pollination involves two parties (insects and plants) and can and should be regarded from
the point view of both parties (Waser 2001). But since the function of pollination is the
reproduction of plants, this discussion will be from that point of view, and I will switch to
the insects point of view when required.

INSECTS: BEHAVIOUR OF SPECIES AND INDIVIDUALS
Frequencies and pollinator qualities
As this thesis is about pollination of entomophilous plants, apart from plants, insects are
also of central interest: their behaviour determines the reproductive success of the plants
(Goulson 1999). The insect's behaviour can be studied at species or individual level, but
the choices made by the individuals determine pollination (Kwak et al. 1998). The fre-
quencies and behaviour of insect species gained most of the attention in this thesis, while
the behaviour of individuals was only studied in chapter 7. In other chapters the net effect
of the behaviour of the individuals combined was measured as pollination (chapters 5, 6 &
7) or seed set (chapter 6). In chapter 8 it was stressed that insect species that seem to be
"important" as pollinators due to their frequencies (chapters 2-4), may appear to be less
important or even negligible when the number of visits or other pollination qualities are
considered. Features of pollinator quality of individual insects are among others visitation
speed, the number of deposited pollen grains on stigmas per visit, and flower constancy
(Fægri & van der Pijl 1979; Dafni 1992; Kwak et al. 1998; Goulson 1999; Thomson &
Goodell 2001; Waser 2001; Slaa & Biesmeijer 2003).
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Table. 9.1. Overview of subjects per chapter. Indicated are the effects of landscape or land use, site
management, plant community and insect community on plant community, insect community, indivi-
dual behaviour, visitation of flowers, pollination and seed set. The numbers in the table are the chap-
ters in this thesis; in bold are the main chapters for the subjects. The interactions between the diffe-
rent aspects are shown in chapter 1 (fig. 1.4). Chapter 2 is not indicated in the table, because it is a
description of the functional diversity of flowering plants and the flower visiting insects.

Effect studied on Landscape/ land use Plant community Insect community

Plant community 3, 8 8
Insect community 3, 8 3, 4, 8
Individual behaviour 7
Visitation 6, 7 4, 5, 6, 7 4, 6, 7, 8
Pollination 6, 7 5, 6, 7 5, 6, 7, 8
Seed set 6 5, 6, 7 5, 6
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Visitation speed
Many of the data in this study are from transect observations (e.g. chapters 2-5), i.e. fre-
quencies of insect species. With transects many data could be collected in a short period
of time, but these data can also over- or underestimate the pollination role of some insect
species. Insect species that are relatively infrequent can turn out to be the most important
pollinators (Kwak 1980; Kwak et al. 1998; Mayfield et al. 2001). Examples of the differ-
ences between frequencies of individuals and of the number of visits are given in fig. 9.1.
Visitation speed, the number of flowers visited per individual per unit time, can explain
why there are such large differences between insect taxa. Of some insect species in the
research area of this study visitation speeds were measured (table 9.2). The visitation
speeds of the insect species appear to vary considerably per plant species. Particularly
some oligolectic solitary bees (e.g. Dasypoda hirtipes on yellow Asteraceae, Melitta
haemorrhoidalis on Campanula rotundifolia, and bumblebees on Succisa pratensis and
Glechoma hederaceae) can be much faster than other species (table 9.2). Also within
Diptera there are considerable differences, as illustrated by Anthriscus sylvestris and
Succisa pratensis (table 9.2). From the plant's point of view, the positive effect of a quick
insect is that the insect visits many flowers within a short period of time, spreading and
depositing pollen on many flowers. Thus while frequency data can give a good insight into
general patterns of visitation, the researcher should be aware that frequencies do not dire-
cly show which insects are actually important pollinators.

Pollen deposition
High speed of an insect can also have a negative side: the deposition of pollen on stigmas
requires some time, and when an insect moves away too quickly, the chance for deposi-
tion may decrease. The amount of deposited pollen per insect is insect species-specific
and depends partially on how well an insect body fits the morphology of a plant (Fægri &
van der Pijl 1979).  Some of the fastest insect species in table 9.2 can also deposit the
highest amounts of pollen: bumblebees deposit much more pollen per visit than the small
syrphid Rhingia campestris on Phyteuma spicatum subsp. nigrum (Kwak 1993) or bum-
blebees and the honeybee on Glechoma hederaceae (Kwak, unpub.). No data are avail-
able for the oligolectic solitary bees visiting  the yellow Asteraceae, but a related species to
Dasypoda hirtipes, D. argentata, was not only the fastest, but also deposited the most
pollen grains on Scabiosa columbaria in France (Velterop 2000). Large syrphids can
deposit slightly less to similar amounts of pollen per visit  compared to bumblebees on e.g.
Succisa pratensis (Kwak 1993) and Scabiosa columbaria (Kwak 1993; Velterop 2000). 

Flower constancy
Flower constancy is an aspect of individual behaviour that is much related to plant diversi-
ty. Flower constancy is the tendency of a flower-visiting animal to restrict its visits to flow-
ers of a single plant species, ignoring rewarding flowers of other species present in a vege-
tation (Fægri & van der Pijl 1979; Waser 1986; Slaa & Biesmeijer 2003). To understand
this phenomenon one has to switch to the point of view of the foraging insect. Insects visit
flowers to obtain food, mostly nectar and pollen (Harder et al. 2001). Nectar is an easily
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Fig. 9.1. Comparison of frequencies of individuals (measured in transect walks) and frequencies of
visits (measured in continuous 10-minute observations) of insect taxa for three plant species:
Campanula rotundifolia, Lysimachia vulgaris and Valeriana officinalis.

Table. 9.2. Visitation speeds of a number of insect species at various sites and dates in the study area.
Individual insects were followed during foraging bouts until they were lost out of sight. The number of
flower units visited was scored per individual. Part of the data were collected by Maaike de Vlas, Henk
Hunneman and Diana Prins, for which I am very grateful.

Plant species (flower unit) Insect species insect type N N flower
units/ min ±SE

Anthriscus sylvestris (umbellule) Tachina fabricia fly 5 13.1 ±2.0
Eristalis tenax syrphid 12 10.2 ±1.4
Eristalis arbustorum syrphid 8 9.6 ±0.9
Empis tessellata fly 4 6.5 ±2.1
Musca species fly 4 4.1 ±0.6

Yellow Asteraceae (head)1 Dasypoda hirtipes solitary bee 14 14.9 ±1.8
Yellow Asteraceae (head)2 Panurgus calcaratus solitary bee 10 14.0 ±1.2
Yellow Asteraceae (head)1 Eristalis tenax syrphid 3 7.5 ±2.1
Succisa pratensis (head) Bombus pascuorum3 bumblebee 7 4.8 ±0.8

Eristalis horticola syrphid 15 2.9 ±0.4
Helophilus trivittatus syrphid 25 2.6 ±0.4
Helophilus pendulus syrphid 19 1.6 ±0.2

Glechoma hederacea (flower) Bombus pascuorum bumblebee 6 11.8 ±2.0
Apis mellifera honeybee 14 9.4 ±1.5
Rhingia campestris syrphid 14 9.2 ±4.1

Campanula rotundifolia (flower) Melitta haemorrhoidalis solitary bee 12 9.2 ±2.2
Syphona species fly 5 <<14

1Hieracium umbellatum and Leontodon autumnalis. 2Hypochaeris radicata 3From Kwak (1993). 4These
small flies stayed very long in flowers of Campanula.
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digestible energy source, while pollen is rich in proteins and fats, and an important protein
source for bees and many syrphids (Harder et al. 2001). Like all animals, insects must
make economic decisions while foraging: choices between flower species, choices for for-
aging site and patches, and choices between individual flowers (Goulson 1999). The abil-
ity to make choices between plant species can be determined by an insect's ethological
abilities (e.g. limitations in nervous system) and physical abilities (morphology of a species
to reach certain flowers). These are called intrinsic causes of constancy (Waser 1986;
Goulson 1999). However, some level of flower constancy is a general phenomenon among
different insect taxa, and not only for bees (Goulson 1999; Weiss 2001). Examples of
flower constancy are observed for some Lepidoptera (Goulson et al. 1997a & b) and three
species of syrphid flies, i.e. Eristalis tenax, Syrphus ribesii and Episyrphus balteatus
(Haslett 1989; Goulson & Wright 1997; Sutherland et al. 1999). In chapter 7 it was
shown that there are differences in flower constancy between syrphid species: Helophilus
pendulus was less flower constant than H. trivittatus and Eristalis horticola. Obligate,
often inherited food specialisation can be another intrinsic cause for flower constancy, or
rather flower preference, because constancy implies a temporal specialisation (Waser
1986). Oligolectic and monolectic solitary bees are a good example of such specialists.
Among bumblebees it is known that the long-tongued species (Bombus hortorum, B. pas-
cuorum) have a preference for deep flowers, whereas short-tongued bumblebees (B. pra-
torum, B. lapidarius) prefer more open flower types (Rasmont 1988; Fussell & Corbet
1992; Osborne & Corbet 1994; Mänd et al. 2002).

Extrinsic causes for flower constancy are flower abundance, density and composition of
flowers and the rewards therein (Waser 1986; Goulson 1999). A higher flower constancy
can be expected to be more efficient (optimal) as it can reduce the costs of searching and
handling time of different flowers, but it is unclear whether these benefits really outweigh
the costs of increased travelling time under flower-constant foraging and are thus sub-opti-
mal (Slaa & Biesmeijer 2003). The type or quality of plant species will determine much of
the behaviour. For example, pollinators are more flower-constant when flower types are
more distinct, as they are easier to distinguish for insects (Waser 1986; Chittka et al.
1997; Hill et al. 2001; Slaa & Biesmeijer 2003). This was observed for syrphid flies
(Eristalis and Helophilus species) in an array experiment with Succisa pratensis heads in
combination with other flower species (Kwak & Hoffmann, unpub.). Similarly, interactions
between plants, mediated through insect behaviour, are more likely to occur between plant
species that are more similar (chapter 5). However, inconstancy does not need to imply
inability to distinguish flowers, as sometimes there may be no energetic difference
between similar flowers, and therefore no need for the forager to select (Thomson 1981).
Other causes can be differences in nectar composition, such as nitrogen and phosphorus
contents. Furthermore, even during flower-constant foraging, bumblebees take samples
from other plant species to keep track of changing rewards in time, this is known as
"minoring" (Heinrich 1979b).

Effects of biodiversity: linkage level and flower constancy
The number of species in a network a particular species interacts with, like the number of
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plant species an insect visits, is called linkage level (Olesen et al. 2002; Olesen & Jordano
2002; Dupont et al. 2003). In different communities, regardless of climate, the majority
of insect species visits only two to five plant species on average (Olesen & Jordano 2002).
A similar number was observed in this study (chapter 4): the mean insect linkage level
was 1.29 for all insects, and the maximum number of plant species visited by an insect
species was seven. However, the linkage level of the insect species varied with plant
species richness; when there were more flower species at a site, an average insect species
was observed on more flower species (chapter 4). Even though there were differences
between different taxonomic groups, this phenomenon was observed for all insects. Thus
at species level the insects tend to visit more plant species, but the question is whether
this is also the case with individuals. Do individuals within a species visit as many plant
species as the insect species as a whole, or do individuals within an insect species visit
only one plant species each, but different ones? In this thesis flower constancy was only
directly measured for syrphid flies on Succisa pratensis (chapter 7). Syrphid species dif-
fered slightly in flower constancy, but this was probably also related to the population size
of S. pratensis and not only flower diversity. The effect of population size was also reflect-
ed in the stigmatic load, which is a combined result of all individuals that visited a flower.
In larger populations the proportion of heterospecific pollen was lower than in smaller pop-
ulations. As said above, (relative) abundances of different species can have a strong effect
on constancy. When flowers of all species combined are scarce, foragers will abandon
temporal specialisation and forage on several plant species. This has been observed for
honeybees, bumblebees and syrphid flies (Kunin 1993; Chittka et al. 1997; Goulson
1999; Waser 2001). 

Thomson (1981) observed that the constancy of bumblebees decreases with increas-
ing floral diversity. This is in line with what was observed for linkage levels. Bumblebees
can be flower-constant, but still individuals often carry mixed pollen loads in the corbicu-
lae (Kwak & Jennersten 1986; Kwak & Bergman 1996). Also syrphid flies carry mixed
body loads (Velterop 2000). The body pollen loads of the syrphids analysed in chapter 7
contained large amounts of heterospecific pollen of plant species from further away, even
in large S. pratensis populations. This means that they foraged on larger spatial scales
than only the size of the S. pratensis population. Probably insects are flower-constant
within a patch, but might be less constant on larger scales. Bumblebees are flower-con-
stant as long as flowers are rewarding and close enough, but they switch to other plants
when flowers have low rewards, or are not encountered closely enough (Chittka et al.
1997; Kwak & Vervoort 2000). But sometimes learned preference may be stronger than
flower-frequency effects on constancy and flower choice (Smithson 2001).

The effect of plant species richness on linkage levels and constancy differs between
insect groups: while flies, syrphids and bumblebees were observed on more plant species
as there were more available, this was not the case for solitary bees (chapter 4). Within
bees, honeybees are often more flower-constant than bumblebees (Thomson 1981;
Velterop 2000), and within syrphid flies, Eristalis horticola and Helophilus trivittatus are
more constant than H. pendulus (chapter 7). Bees are more "truly" or actively specialised
than other flower visitors; they have only flower products such as nectar and pollen in their
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diet (Ellis & Ellis-Adam 1993). Bumblebees and honeybees are social insects with a long
flight period (the whole season) and therefore can forage on many plant species, whereas
for solitary bees with flight periods of a few weeks (Westrich 1990) this is much less the
case (Bronstein 1995). Whether solitary bees are more constant than other insects is
unknown, but probably unlikely, as there are many generalist species. Solitary bees have
short foraging distances, up to several hundreds of metres from their nest (Westrich 1996;
Calabuig 2000). When flowers are scarce and distributed over several plant species the
bees have to forage on more than one plant species. But oligolectic bees are expected and
sometimes observed to be the most constant due to their specialisation and preference
(Bronstein 1995; Kwak et al. 1998; Velterop 2000). However, their specialisation is only
based on pollen; the bees may get nectar from any available plant species, and therefore
may receive heterospecific pollen grains (Bronstein 1995; Skov 2000; Waser 2001).
Furthermore, flower preferences, including those of many oligolectic bees, are mostly not
restricted to one plant species, but either include several taxonomically related species, or
species with morphological and chemical similarities. For example, I have observed that
oligolectic bees foraging on yellow Asteraceae, like Dasypoda hirtipes or Panurgus cal-
caratus visit the nearest "yellow flower head" they encounter, irrespective of whether this is
for example Hypochaeris radicata, Hieracium laevigatum or Leontodon autumnale.
Experi-ments with mixtures of these related plant species may reveal whether this impres-
sion is true. In such a small-scale array experiment the syrphid Eristalis tenax distin-
guished only some species pairs of yellow Asteraceae, which may be related to UV-reflec-
tion (visible for many insects) of some the species (van der Muren et al. 2003). In anoth-
er experiment (unpub. data), Succisa pratensis and Scabiosa columbaria were combined
with five arrays with other plant species that varied in resemblance with the target species
(from very similar and closely related species to very different species). Large syrphids
(Eristalis and Helophilus species) were more flower-constant on S. pratensis and S.
columbaria as the flowers were less similar.

The diversity of insects may also affect individual behaviour through interactions
between insects species. For example, scent can be used by bumblebees to reject flowers
that were visited by other bumblebee species (Goulson 1999). Also depletion of resources
(competition for food) plays a role. One example is the competition between domesticated
honeybees and native pollinators (Brugge et al. 1998; Paton 2000; Goulson 2003).
However, from the results of this thesis nothing can be said about interactions between
insect species.

Individual insects: summary
The behaviour of species does not necessarily give a clue about the individual behaviour.
Scoring only frequencies can be misleading as an estimate of pollination quality, and visita-
tion speed can provide more information. Similarly, linkage levels do not tell how flower-
constant an individual is. Frequencies are observations of single moments in time, while
individual behaviour shows what happens during a longer time period. The individual
behaviour differs between species and even within species between individuals. Extrinsic
and intrinsic factors determine the individual behaviour. Even though optimal foraging may
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favour insects energetically, from the plant's point of view this does not need to be optimal.
Firstly, insects may forage on many different species. Secondly, plants are confronted with
both optimal and sub-optimal foragers; individuals of the same species may show differ-
ences in behaviour even while facing the same problem, probably due to differences in
experience (Thomson & Chittka 2001; Waddington 2001). More data are needed about
the individual pollination behaviour in relation to biodiversity of various flower-visiting taxa.

POLLINATION AND BIODIVERSITY: INDIVIDUAL PLANT SPECIES
Effects of plant diversity
The effect of plant diversity on pollination is plant species specific, and depends on the
type of neighbouring species rather than total plant diversity (chapter 5). The balance
between facilitation and competition depends on plant population size and flower density
of both the target and other plant species in the community, and on plant community
species composition. In a neighbourhood with a high plant diversity visitation rate on
Scabiosa columbaria was higher than in a low diversity neighbourhood, but there was a
negative effect on pollination (chapter 5). Above it has been mentioned that interactions
between plant species, mediated through individual and species behaviour of the flower
visitors, are more likely between plant species with floral similarities, or that share part of
their pollinators. These are short-term processes that will take place within one or several
days. They depend on the flowering phenology and particularly the duration of the viability
of pollen, which is usually only a few hours or exceptionally some days (Primack 1985;
Dafni 1992; Murren 2002).

Long-term processes (longer than the flowering period of a plant) are more difficult to
measure, and have not been investigated in this thesis. These processes involve indirect
dependence of a plant species on other plant species in time. Flower visitors need food
supply during their whole life cycle. For example, bumblebees and other insects with long
phenologies need continuous food supply from the start of the season; food supply in
spring will affect colony growth in the rest of the season (Heinrich 1979; Waser & Real
1979; Fussell & Corbet 1992; Goulson et al. 2001). Similarly, insects hibernating as
adults need flowers late in the season for building up reserves (Bronstein 1995). Thus
plants can indirectly depend on plant species flowering in other periods of the season than
they do themselves when they depend on long-lived or hibernating insects. Thus short-
term effects (during the time a plant is flowering) of plant diversity can be neutral, positive
or negative through direct interactions, but long-term indirect effects are likely to be bene-
ficial. More data are needed to highlight these processes.

Effects of insect diversity
There are only few studies that show the negative effect of insect species decline for single
plant species (Kwak et al. 1998). Examples are Dianthus deltoides, where a decrease of
insect species richness led to a decrease in seed set (Jennersten 1988), or Primula siebol-
dii, where loss of pollinators resulted in a breakdown of the breeding system (Washitani
1996). The data in this thesis showed some potential dangers of pollinator species loss. A
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single plant species does not depend on insect diversity as a whole, but only needs its par-
ticular pollinators (chapter 6). Plant species that have several alternative pollinators usual-
ly do not need the whole set of species at a certain place, but only one or a few. On a larg-
er spatial scale, however, insect diversity may be important due to variation in insect
assemblages between flower patches and populations (chapters 6 & 7; Bronstein 1995;
Bingham & Orthner 1998; Kwak et al. 1998; Herrera 2000; Blionis & Vokou 2001;
Fenster & Dudash 2001). Generalist plant species can have several pollinators, but not all
insect species are always present due to temporal or annual fluctuations of insects
(Schoenly & Cohen 1991; Ottenheim 2000; Verberk et al. 2002). Thus on longer time
scales the presence of several pollinator species may overcome these fluctuations
(Bronstein 1995; Fishbein & Venable 1996; Fenster & Dudash 2001; Mayfield et al.
2001; Kandori 2002). For example, Succisa pratensis received hardly any bumblebee
visits in 2002, and many visits from Bombus pascuorum in 2003, but in both years it
was visited by Eristalinae syrphids, that are also relatively good pollinators (chapter 7).

Life history and pollination biology
Life-history features, such as life span and clonality of plant species also affect susceptibil-
ity to (temporal) pollinator loss. Annuals need pollination every year, and the soil seed
bank will need regular input from seed rain (Bakker et al. 1996; Thompson et al. 1997),
particularly when seeds have a short longevity (Bekker & Kwak 2005; Kwak & Bekker
2005). The latter is also true for longer-lived monocarp species like biennials. Thus for
short-lived species pollination deficiency can have direct consequences for the plant popu-
lations. Perennials may escape pollination deficiency or effects are hidden through long life
spans, or some species through strong vegetative reproduction and clonal growth (Kearns
et al. 1998; Kwak et al. 1998; Donaldson et al. 2002).

Facultative selfing may prevent plant species from going extinct when pollinators are
limited or absent (Kearns et al. 1998; Kwak et al. 1998; Spira 2001). However, faculta-
tive selfing is predicted to be no long-term solution for permanent pollinator loss (Molden-
ke 1975). Indeed, in chapter 6 it was illustrated that seed set of the plant species with
potential self-pollination capacity was considerably reduced without insect visitation.
Similar results of reduced seed set under autonomous selfing were found for Collinsia
verna (Kalisz & Vogler 2003) and several Rhinanthoideae species (Kwak 1979). Regular
biotic (cross) pollination is crucial for reproduction through seeds of many facultative self-
ing plant species, and autonomous selfing will only bridge temporal pollinator absence.
Sometimes plant species that are believed to be autonomous selfers, e.g. Arabidopsis
thaliana, or even apomictic plants, e.g. Hieracium species, benefit from facultative cross-
pollination (Weeda et al. 1985; Hoffmann et al. 2003).

Degree of specialisation
The least specialised plant species were visited by many more insect species than the
most specialised plant species: respectively 123 vs. 2 insect species in total, or 12.7 vs.
1.1 per site per day (chapter 2). The majority of the studied plant species can be regarded
as generalist, and only a third is specialist. This is in concordance with literature stating
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that the majority of plant-pollinator interactions is of a generalist nature (Jordano 1987;
Ellis & Ellis-Adam 1993; Waser et al. 1996; Memmott 1999). The asymmetric distribu-
tion of interactions between plants and flower visitors, i.e. specialist plant species are vis-
ited by generalist insects, and specialist insects visit generalist plants (Jordano 1987;
Bronstein 1995; Waser et al. 1996; Memmott 1999; Olesen & Jordano 2002), was also
found in this study (chapters 2 & 4). Generalist plants with mainly generalist visitors are in
the majority, and of the specialist plants the majority are visited by generalist insects. Only
two specialist plants are mainly visited by specialist visitors. One-to-one relationships
between single plant and animal species are extremely rare, particularly in temperate cli-
mates (Kwak et al. 1998). The only case of such a tight bond in my study area is that
between Lysimachia vulgaris and Macropis europaea. Campanula rotundifolia was main-
ly pollinated by the oligolectic bee Melitta haemorrhoidalis, but also by bumblebees. This
plant species potentially has several pollinator species, mainly (oligolectic) bees (see chap-
ter 6).

The vulnerability to pollinator loss is related to the degree of specialisation (chapter 6):
pollinators of very common and extremely generalised plant species can be missed, as
there will always be some visitors present acting as pollinators. This is for example the
case for the Apiaceae species. However, plant species with few specialist pollinator
species, L. vulgaris and C. rotundifolia in my study, hardly have any alternatives. For the
remaining generalist and specialist, common and rare plant species with generalist polli-
nators it is currently difficult to predict the vulnerability to pollinator loss.

Plant population size
For generalist plant species, population characteristics like size and density are likely to be
the most important "context" aspects determining the role of biodiversity for pollination. For
Succisa pratenis (chapters 6 &7), population size rather than plant or insect diversity was
the most important factor determining pollination quality (purity and amount of deposited
pollen) and seed set. Small and diffuse plant populations can either not be found by
insects, or insects ignore them as they do not offer enough resources (Kunin 1993; Ågren
1996; Kwak et al. 1998; Bosch & Waser 1999; Luijten et al. 2000; Mustajärvi et al.
2001). Biodiversity may become important in these cases. Plant diversity is either positive
(facilitation) or negative (competition). The presence of other plant species can increase
the visitation rate (Thomson 1978; Schemske 1981; Kwak 1988; Laverty 1991). This
was observed for Asteraceae species (Thomson 1978). Small populations of sexually
reproducing yellow Asteraceae, like Leontodon autumnalis or Hypochaeris radicata in this
thesis, may profit from apomictic yellow Asteraceae. Abundant Hieracium species can
provide a bulk food supply for the pollinators, locally oligolectic solitary bees. As they may
make no difference between the plant species (see above), their inconstancy can be bene-
ficial. Similarly, Campanula rotundifolia may benefit from Jasione montana, as I have
occasionally observed that Melitta haemorrhoidalis visited J. montana.

A negative effect of diversity is a lower pollination quality, because of pollen loss and
heterospecific pollen deposition (chapters 5 & 7). A large population enables insects to be
flower-constant, increasing the rate of conspecific pollen deposition and decreasing pollen
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loss. Furthermore, small populations often suffer from inbreeding (van Treuren et al.
1993; Oostermeijer et al. 2000; Velterop 2000; Luijten 2001; Mustajärvi et al. 2001),
due to among others increased geitonogamy (de Jong et al. 1993). For example, for
Scabiosa columbaria a distance of 25 m between two patches reduces pollen flow by
75%, and 200 m distance by more than 99% (Velterop 2000). Similar results were
obtained for Succisa pratensis (Kwak, unpub.).

Thus a small population size in combination with isolation affects pollination, and
enhances negative genetic effects. However, a bad pollination may be better than no polli-
nation at all. Sometimes small populations can be even advantageous: in small Salvia
pratensis populations seed set is higher, because its pollinators (medium and long-tongued
bumblebees) prefer low flower densities and smaller populations (Kwak et al. 1996).

Plant species level: summary
The importance of the diversity of flowering plants and flower-visiting insects for the repro-
duction and maintenance of a plant species depends on the context: the composition of
the flower neighbourhood of the target species, the plant's pollination biology and life his-
tory (chapter 6), the degree of specialisation (chapters 4 & 6) and plant population char-
acteristics, i.e. size, isolation and density (chapters 6 & 7). Other authors found little evi-
dence that separate variables of pollination biology or plant breeding systems are related
to the rarity of a plant species (Weller 1995) or susceptibility to habitat fragmentation
(Aizen et al. 2002). Indeed, the rarity of a plant species in the Netherlands could only be
predicted and explained with a combination of variables (Bekker & Kwak 2005; Kwak &
Bekker 2005). In the latter studies, seed production, breeding system, clonality and soil
seed bank longevity together significantly separated rare and common plant species. Rare
and common plant species in the Netherlands did not differ in their breeding system (i.e.,
flower features, degree of selfing and specialisation of the pollinators). This means that the
type of hypothesis about the role of biodiversity for pollination of individual plant species or
populations must be of the context-dependence type. Predicting the vulnerability of single
plant species and populations to loss of biodiversity, particularly pollinators, can thus only
be done by combining species- and site-specific data.

POLLINATION AND BIODIVERSITY: THE PLANT COMMUNITY
Community aspects
At community level the point of interest is not the pollination of individual plant species,
but the pollination of all species in the community. For this discussion about pollination at
community level the aim of conservation matters, and I will assume that the aim is plant
communities with a high diversity. Communities consist of common and rare species,
dominant (core) and subdominant species, and the plant species are often arranged in
patches. Here I interpret these aspects in terms of flowers rather than plant cover.

The communities at the sites in this thesis varied in plant diversity between 9 and 35
species, and flower-visiting insect diversity varied between 10 and 89 species (chapter 3).
Core flower species at most sites belonged to Apiaceae (Anthriscus sylvestris and
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Heracleum sphondylium), yellow Asteraceae (Taraxacum officinale, Hieracium laevigatum,
Hypochaeris radicata and Leontodon autumnalis), Ranunculaceae (Ranunculus repens and
R. acris), Lamiaceae (Glechoma hederacea) and Fabaceae (Trifolium repens, T. pratense
and Lotus corniculatus). Other species could also be dominant locally. Endangered or Red-
Listed species (sometimes locally abundant) were Succisa pratensis (Dipsacaceae),
Rhinanthus angustifolius (Scrophulariacae), and Phyteuma spicatum subsp. nigrum
(Campanulaceae). The dominant (most abundant) flower visitors were discussed in chapter
8, and belonged to flies (Diptera: Syrphidae, Calyptrata and Bibionidae) and bumblebees.
Less abundant flower visitors were beetles, butterflies, solitary bees and wasps.

A plant community as a whole can increase the number of flower-visiting insect
species, and thereby the chance for appropriate pollinators (Corbet 1997). The chance
that plant species are visited by effective pollinators may increase as insect species rich-
ness is higher (Corbet 1997). Species richness and abundance of plants and some insect
groups (particularly bees) were positively affected by the diversity at landscape scale (i.e.
type and intensity of land use and the related floral and structural diversity), and insect
diversity was positively related to plant diversity within sites (chapter 3). Thus a positive
effect of a higher plant diversity is that it increases total insect diversity and abundance
(Bäckman & Tiainen 2002; Collinge et al. 2003; Potts et al. 2003; Armbrecht et al.
2004). However, the number of visitor species per plant species (plant linkage level) gives
a more complicated picture. The direct effect of plant species richness on linkage level is
negative, probably because insects are distributed more over the plant species (chapter 4).
But the indirect effect through insect species richness is positive, reducing the negative
effect considerably, and also a higher flower abundance strongly increases plant linkage
levels. This may explain why in chapter 5, where linkage levels were analysed for only six
plant species, plant diversity affected linkage level either positive or not. Also the high gen-
eralisation level of those six plants may be a reason for that. As discussed before, the data
are based on frequencies, whereas the number of visits and the pollen loads may provide
better insight in what happens to the pollination of the community. Analysing this for all
species at so many sites will a very labour-intensive task (Memmott 1999; Forup &
Memmott 2005).

The role of insect diversity for pollination at community level was extensively discussed
in chapter 8. Even though only ten abundant insect species (2.5% of the species
observed) constituted more than 50% of the visitors of two thirds of the plants, this is not
enough for a guaranteed pollination of the entire plant community. Firstly, some of these
visitors are not or only low-quality pollinators. Secondly, many more pollinator species are
needed for the pollination of the plant community for reasons involving degree of speciali-
sation, spatio-temporal variation, plant population structure, and interactions between
plants (chapter 8, and see also above).

Relation between plant and pollinator declines
One of the remaining questions in this thesis is about the effect of the declining insect
species groups mentioned in chapter 1 (butterflies and bees) on the pollination of the
plants in the research area. The results presented in chapter 3, i.e. only common butterfly
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species, a strong effect of landscape and plant-species richness on solitary bees, and a
lower abundance of long-tongued bumblebees compared to short-tongued species, are
well in line with the Red-Listed status and general tendencies of these taxa (Kwak 1994b;
Peeters & Reemer 2003; CBS et al. 2004; Goulson et al. 2005). Butterflies are generally
relatively poor-quality pollinators in northern Europe (Jennersten 1984; Velterop 2000),
thus their role in general patterns of plant species decline will be negligible. It is more like-
ly that it is the other way around, as many butterflies are food specialists in the larval
stage (van Swaay & Warren 2001; Thomas et al. 2004).

Solitary bees can be effective pollinators (Strickler 1979; Cane & Payne 1988;
Velterop 2000; and see for example table 9.2 concerning foraging speed). The decline of
solitary bees may therefore be detrimental for plant communities (Williams 1995;
Buchmann & Nabhan 1996; Cane 2001). But vulnerable plant species depending on
(oligolectic) bees are a small minority (chapters 6 & 8), and the asymmetric distribution of
interactions makes that most of the plant species that are visited by solitary bees also have
other visitors or pollinators (see above). Even more, the one plant species most dependent
on a solitary bee, Lysimachia vulgaris, has increased steeply in the past decades (Stichting
Werkgroep Florakartering Drenthe 1999; Tamis et al. 2004) and its bee is common in the
Netherlands (Peeters et al. 1999). Campanula rotundifolia is declining slightly, probably
due to habitat loss and nitrogen deposition (Plate et al. 1992; Stichting Werkgroep
Florakartering Drenthe 1999; Tamis et al. 2004), rather than due to changes in the bee
fauna: Melitta haemorrhoidalis is common (Peeters et al. 1999) and it was observed in
most C. rotundifolia populations in the area. Other Campanula species have declined in
the Netherlands (Plate et al. 1992; Tamis et al. 2004) and also some oligolectic bee
species specialised on Campanulaceae (Peeters & Reemer 2003). The host plants of sev-
eral other declining or extinct oligolectic bees have also declined (Plate et al. 1992;
Peeters et al. 1999; Peeters & Reemer 2003; Tamis et al. 2004), but how these two are
related is unknown and currently a complicated chicken-and-egg question. Firstly, most of
the plant species are generalists, like the Dipsacaceae that have several alternative pollina-
tors (chapter 7; Velterop 2000). The decline of many plant species is mainly subscribed to
habitat deterioration, nitrogen deposition and inbreeding, for example for S. pratensis
(Hooftman et al. 2003, 2004; Vergeer et al. 2003a & b). The decline of the bees can also
be subscribed to habitat deterioration and a decline in habitat heterogeneity (chapter 8;
Westrich 1996; Calabuig 2000; Cane 2001). Even though the decline of an oligolectic
bee is not the immediate cause of the decline of the host plant, it can contribute to an
acceleration of the plant's decline (chapter 7). Also, the decline of the pollinator can be a
bioindicator of the state of a habitat (Kevan 1999) and be a bad omen of what is going to
happen to the plant (chapter 7).

Dominant flower visitors in the study area of this thesis are generalist large syrphid flies
characteristic of nutrient-rich habitats and bumblebees (chapter 8). Memmott et al. (2004)
have analysed two data sets from the 1920s in the United States, where solitary bees had
a very important role in the system. It would be interesting to investigate the same area as
the 1920s again to see whether a shift to more generalist pollinators has happened there,
and whether this is comparable to the current situation in western Europe.
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There are many factors that primarily drive the decline of plant species, such as
eutrophication and pollution (Andreasen et al. 1996; CBS et al. 2004), changes in
hydrology (Bakker & Olff 1992; Grootjans et al. 2002), fragmentation and isolation of
populations (Kwak et al. 1998; Velterop 2000; Hooftman & Diemer 2002; Hooftman et
al. 2003; Vergeer et al. 2003b), or disruption of seed dispersal and seed bank processes
(Bakker et al. 1996; Nathan & Muller-Landau 2000; Geertsema 2002; Blomqvist et al.
2003a; Soons 2003). Changes in pollination will come on top of this, thereby enhancing
plant species decline. In agricultural landscapes, plant populations and communities are
rather small and restricted to small, mostly linear habitats (Schaffers 2000; Geertsema
2002; Blomqvist et al. 2003b). Population and patch size are one of the key factors
affecting pollination processes, like for Succisa pratensis (chapters 6 & 7) and Phyteuma
spicatum (Kwak 1994b; Kwak & Vervoort 2000) in the research area. A high enough
insect diversity may help plant species to reproduce in these small habitats.

Plant community: hypothesis and conclusion
Now I will turn to what type of hypothesis may be applicable to the role of biodiversity for
pollination at community level. The applicability of a redundancy-type hypothesis (species
are equal) is unlikely: many flower visiting insects occur in too low numbers to be impor-
tant pollinators. Furthermore, it was shown that most plants have several alternative polli-
nators, effects of pollinator loss depend on which insect species disappear, and the polli-
nation web has a stabilising effect. A keystone-species hypothesis may be more likely, but
then a community will need many keystone species for the pollination of all plant species
(chapter 8). For many  ecosystem processes, including plant-pollinator interactions, it is
more important that trophic interactions such as pollination take place, rather than which
exact species is eating or pollinating which other species (Forup & Memmott 2005). An
example is the relation between ants and trees: not some specific tree species, but the
diversity of the trees as such explained ant diversity (Armbrecht et al. 2004). Similarly for
keystone species, it is not so much the species per se, but the keystone role it plays in an
ecosystem that matters (Mills et al. 1993). This means that the functional diversity is
more important than species diversity for species interactions and diversity relations (cf. de
Ruiter et al. 1995; Petchey 2004).

At the level of functional types, a keystone-species hypothesis may be useful: a mini-
mal level of functional types of pollinators is required. However, spatio-temporal variation
and seasonal effects require several pollinator species of a functional type: there can be a
critical level of pollinator diversity (Neff & Simpson 1993). The continuous availability of a
variety flower types is needed for maintaining a diverse pollinator assemblage, for example
late-flowering species also depend on early species (see above). Also here a minimal level
of functional (flower) types is required. Exceptional are strict specialists that will need their
specific host or partner (e.g. monolectic bees, butterfly larvae and specialist plants). Some
context dependence is also possible, for example habitat size or the type of ecosystem. It
seems likely that the role of biodiversity lies somewhere between all species and some
keystone-species. Hence, I propose that a good name for such a hypothesis will be "critical
diversity-level hypothesis".
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The data from this thesis showed how the diversity of plants and insects are related to
the landscape and each other, and provide information about interactions between plant
species and an estimate of the vulnerability of plant species to pollinator loss. To show a
relation between the decline of bees and a decline of plants, other data are needed: for
example, species richness and abundance of bees and bee-pollinated plants from various
locations in combination with measurements of seed set and possible pollination deficien-
cy. Sites with high and low bee diversity should be compared. To my knowledge such an
extensive study has not yet been performed.

LANDSCAPE DIVERSITY, HABITAT FRAGMENTATION
AND LONG-TERM EFFECTS
Habitat fragmentation and landscape heterogeneity
Habitat fragmentation is one of the major causes for species decline (Fahrig 2003) that
also affects pollination by reducing pollen and gene flow, and reproductive output (Sih &
Baltus 1987; Jennersten 1988; Rathcke & Jules 1993; Kwak et al. 1998; Steffan-
Dewenter & Tscharntke 1999; Velterop 2000; Luijten 2001; Donaldson et al. 2002;
Tomimatsu & Ohara 2002). The different types of land use in the area (chapters 1 & 3),
intensive agriculture, grasslands and mixture of land-use types, and nature reserves and
other natural areas, can also be regarded in terms of habitat fragmentation. The reserve
areas are the most natural and heterogeneous, and the areas with intensive agriculture the
most fragmented. In some parts of the area, particularly in the west, where agriculture is
extremely intensive (Geertsema 2002), the structural diversity was almost zero: there are
very few trees and hardly any bushes or hedges, while in the other landscape types there
are (much) higher proportions of structural elements.

Insects responded at different spatial scales than plants did: landscape diversity had
stronger effects on plants than on insects, and within insects it was strongest on insects
with the smallest home range, i.e. solitary bees (chapter 3). Insects have different spatial
(larger) and temporal (shorter) scales than plants (Sowig 1989; Sutherland et al. 1999),
and also between insect groups and species there are considerable differences (Chust et
al. 2003, 2004; Samways 2005). Therefore effects of landscape and habitat fragmenta-
tion differ between plants and insects (Vessby et al. 2002; Dauber et al. 2003; Chust et
al. 2004). An organism's perception of whether something is a boundary or not, or
whether it is sharp or diffuse, is an essential parameter in understanding the effects of
habitat fragmentation (Chust et al. 2004). Some small insects can disperse surprisingly
well in a fragmented landscape, e.g. common parasitoid wasp species (Elzinga 2005).
But many rare or endangered insect species are resident, for which strongly modified habi-
tats are barriers (Samways 2005); this is most well known for butterflies (Hill & Fox
2003; Stefanescu et al. 2004). The dispersal of rare species from reserve areas to neigh-
bouring intensified agricultural areas was very low in our study. The only example is the
relatively rare syrphid fly Eristalis anthophorina, a species typical for acidic fens and other
wetland areas (Achterkamp et al. 1998; Speight et al. 2001). It was observed at sites
within the most intensively used agricultural areas, that lie within 1 km from the
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Netherlands' largest bog reserve, the Fochteloërveen (van der Heiden et al. 2005). The
diversity of bees is low in agrarian landscapes where all semi-natural habitats have been
removed, and where no core habitats such as pastures or forests exist in the vicinity
(Calabuig 2000; Kleijn et al. 2001). Habitat heterogeneity is an important aspect for
insects in fulfilling their life cycle (Bronstein 1995; Verberk et al. 2002; Chust et al.
2003; Samways 2005). Several "partial habitats" are needed within one ecosystem: sites
for offspring or nesting, mating and foraging can be different (Westrich 1996).

A high plant diversity in linear habitats may function as corridors between plant popu-
lations and patches, as insects will move more willingly along flower-diverse corridors
(Saville et al. 1997; Kwak et al. 1998; Kwak & Vervoort 2000; Velterop 2000; Osborne
& Williams 2001). In this way the effects of fragmentation for both plants and insects may
be reduced. But also simple and unexpected structures in a landscape can guide insects
through an open landscape: bumblebees were observed to make use of ditches and even
construction tape and barbed wire (L. Cranmer, pers. comm.). However, what is a corridor
for one pollinator species is not one for another (Samways 2005). This depends on e.g.
plant species composition and structural aspects like vegetation height and corridor width. 

Long-term effects and landscape history
The long-term effect of biodiversity and heterogeneity at landscape scale on pollination is
difficult to discover. One reason is species specificity. Another reason is that the effects are
often delayed: pollinators mostly disappear before the plant, and effects of shifts of pollina-
tor assemblages on extinction may be delayed by clonality and long life spans, or blurred by
annual variation (Corbet 1997; Johnson & Steiner 2000; Spira 2001; van Rossum et al.
2002). Furthermore, simplified systems that have lost some of their pollinator species still
have pollinators, but may be very vulnerable to even further change (Waser et al. 1996).

Other long-term effects go into a different direction, i.e. back into the past. Site-specif-
ic historical effects can go back as far as several millennia (Lindborg & Erikson 2004). In
one area in Sweden, plant species distribution was not related to current spatial structures,
but to historical landscape connectivity of 50 to 100 years ago (Lindborg & Erikson
2004). The landscape in the Dutch province of Drenthe, in which the research area is sit-
uated, was inhabited since the end of the last glacial period, and since the New Stone
Age, agriculture and large-scale deforestation were increasing (Spek 2004). The image of
the region used to be very romantic, viewed as a stable area where "time has stood still".
Recently, this image proved to be false: since the Iron Age land use practices have
changed repeatedly (Spek 2004). A reconstructed paleogeographic map from ca. 1000
AD shows that most of the research area used to be shallow brook valleys and boulder-
clay areas with partially forests and meadows. Another part used to be raised-bog and
bog-edge vegetation. During the Middle Ages the land use changed more than before,
when meadows were turned into pastures, deforestation maximised and bogs were declin-
ing (Spek 2004). Still, many areas were species-rich with a high landscape heterogeneity.
In the twentieth century the landscape was severely affected by agricultural intensification
and abandonment of traditional agricultural practices that had led to species-rich vegeta-
tions. Only since the 1970s restoration and conservation of remnants of the brook valley
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meadows and raised bogs took place (Bakker & Olff 1992; Grootjans et al. 2002; van der
Heiden et al. 2005). Most of the species-rich sites are in the brook valley area, whereas
many species-poor sites are in the intensive agriculture area in the west that used to be a
bog-edge and raised bog. Whether this will have affected the results in this thesis is
unknown. Nevertheless, there is considerable overlap of core (plant) species at most sites.
In this thesis, short-term mechanisms of biodiversity effects on pollination have been
shown. These processes can have long-term consequences, while the mechanisms behind
them are (at least partially) short-term. 

MANAGEMENT AND CONSERVATION
Mowing, flowering and visitation
When a vegetation is mown, the standing crop is removed, including buds, flowers or
unripe fruits. Reproduction is thus inhibited. Many plant species will produce new shoots
after mowing, and may also produce flowers for a new chance of reproduction. Not all
plant species can do this equally well, and the amount of regrowth and reflowering also
depends on the timing, frequency (how often) and intensity (how much is removed) of
mowing (Londo 1974; Bakker et al. 1980; Bakker 1989; Broyer & LauransonBroyer
1996; Grootjans et al. 2002). The flower-visiting assemblage and the amount of visitation
of reflowering plants may differ before and after mowing, caused by the phenology of
insects. This may also affect the pollination of the plants. 

Mowing of road verges and ditch banks is a normal management measure. This has
also been applied in the sites of this thesis. In 2000 and 2001 the management and
mowing regimes were extremely variable between sites (chapters 2,3 and 4). It was not
the goal of this thesis to analyse the effect of mowing on pollination, but due to its frequen-
cy and variability it cannot be ignored. No effects of mowing regime on plant species rich-
ness, flower abundance and total insect species richness and abundance were found, only
bees were affected (chapter 3). This is mainly due to the fact that in cases when there
were no flowers after mowing, insects have not been monitored and were not included in
the analyses. 

An overview of the management of the sites in the area, and available data to illustrate
the amount of reflowering after mowing and effects of second or delayed flowering on
flower visitation are presented in box 9.1. The majority of the plant species analysed
(71%) was able to produce new flowers, but (much) fewer than before. The flower visiting
assemblage and the amount of visitation of reflowering plants before and after mowing dif-
fered only for generalist plant species.The visitor assemblages of the specialist plants hard-
ly differed. For all species the number of visitors was mostly lower later in the season,
which may only partly be due to a lower number of flowers. In what way this may affect
pollination and therefore the reproductive output of a delayed or second flowering cannot
be said from the data in this thesis, but I will point out a few problems.

When a plant flowers later than the flower visitor flies, they may both have a problem.
A "phenological mismatch" of plants and their pollinators due to mowing is most likely for
plants depending on few pollinators with a limited phenological time span (Bronstein
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1995). Campanula rotundifolia is such a plant species; in the research area it depends on
mainly oligolectic solitary bees (see above). In the Netherlands, the flowering phenology of
the plant  can be very long, between June and autumn (van der Meijden et al. 1996), but
its main pollinators, females of the oligolectic bee Melitta haemorrhoidalis (chapter 7),
have their peak in the second half of July and first half of August (Peeters et al. 1999).
The phenology of both plant and bee in the research area (between 2000 and 2003) are
well in line with literature: C. rotundifolia was flowering from the beginning of June until
the beginning of October (peak in August), and M. haemorrhoidalis was observed from the
second half of July until the end of August (peak in last week of July and first week of
August). The plant can produce new flowers after mowing (box 9.1), and the observed
second flowering was still within the flight period of the bee. Thus the mowing at this par-
ticular site will not have had negative effects on pollination. However, later mowing and
reflowering when the bee is absent will reduce the reproductive output severely. Without
the bee seed set is very low (chapter 6).

Mowing itself can also have short-term evolutionary consequences if the same regime
is used for several years or decades. The difference in flowering phenology between plant
populations can depend on the timing of mowing, e.g. in Rhinanthus angustifolius (ter
Borg 1972), Centaurea nigra and Succisa pratensis (Lack in Proctor et al. 1996).

The effect of the removal of flowers on the visitors depends on how long no food is
available, whether alternative sources are nearby, and whether insects are able to migrate
or forage on larger distances. For species with a strong site constancy behaviour, e.g. bum-
blebees (Osborne & Williams 2001), the removal of flowers can have negative effects on
colony growth (Thomson et al. 1997). When flowers are removed, insects can either wait,
migrate or die, and when mowing is too frequent and the time before new flowers are pro-
duced is very long, some species may even go extinct in a certain area (Fussell & Corbet
1992; Osborne & Corbet 1994). Some parts of the research area where several verges
were mown within the same day or week could be without any flowers for a week or more.
In 2000, one site even had only flowers in the beginning of the season. At sites in contin-
uous agricultural areas there were no alternative food sources in the time after mowing for
the insects, as there were no flowers in the crop fields or intensively used grasslands. The
effect of no alternative food sources was apparent for the short-distance central-place for-
agers (see above): the number of solitary bee species and individuals was significantly
higher in unmown or mown sites with unmown patches or meadows in the vicinity, com-
pared to mown sites without alternative foraging possibilities (chapter 3).

Management of road verges and ditch banks
In many road verges mowing was very frequent and intensive in the area, however, for the
majority it was only once or twice (box 9.1). Nutrients (N and P) accumulate if the hay is
not removed within two weeks after mowing, leading to species-poor plant communities
with mainly fast-growing grasses and other eutrophilous plant species like Anthriscus
sylvestris or Urtica dioica (Schaffers 2002). Anthriscus sylvestris was extremely domi-
nant, and could set seed at many sites before the first mowing. The species showed a dra-
matic increase in the research area, also benefiting from increased nitrogen deposition
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caused by application of manure and artificial fertilisers in agriculture (Stichting Werkgroep
Florakartering Drenthe 1999). It is considered as problematic for both agriculture and con-
servation (van Mierlo & van Groenendael 1991; Hansson & Persson 1994).

An example of a rare and declining species that is extremely sensitive to high nutrient
levels is Succisa pratensis (Bühler & Schmid 2001; Soons 2003; Vergeer et al. 2003a).
In 2000, S. pratensis occurred at five sites in the research area, in 2003 this was reduced
to three. The sites were intensively searched for non-flowering rosettes, but none were
found. The two disappeared populations were small, but only mown once late in the sea-
son. What exactly caused the disappearance cannot be said. At one of the three sites
where S. pratensis remained, the topsoil was removed (box 9.1). After topsoil removal,
only few plants remained at the ditch side of that verge, but were mown off before they
could set seed (chapter 7). Not far away from that site (< 2 km) is a road verge with an
ecological management regime (box 9.1), but without any rare species. It would be a good
idea to include the site with the S. pratensis population in such a regime, or introduce the
species with seeds from the declining population. In this way the number of S. pratensis
populations can be increased using genetic material from within the same area.

So far it may appear that mowing is only negative, but of course the vegetation of the
grassland-like road verge and ditch habitats needs to be mown for reasons of limiting veg-
etation succession. Mowing can reduce nutrient contents and change species interactions,
and therefore is a normal type of management for restoring and conserving species-rich
grassland habitats (Bakker et al. 1980; Bakker 1989; Bakker & Olff 1992; Wynhoff et al.
2001; Grootjans et al. 2002) and road verges (Schaffers 2002). It can even facilitate seed
dispersal (Strykstra et al. 1997).

The type of management, as discussed above, is crucial. Which type of management is
chosen depends on the conservation goals and other functions of a habitat. The vegetation
near a road is kept short for traffic safety reasons, and in ditches for reasons of water man-
agement. In agricultural landscapes, farmers will not be too happy with potential pest
species. Conflicts also arise within nature conservation: do we want to protect plants,
bees, butterflies, grasshoppers or birds? These taxonomical groups and individual species
can require contrasting management regimes (Verlaar 1990; Westrich 1996; Wynhoff et
al. 2001; Griebeler & Seitz 2002; Samways 2005). The goals determine what criteria
should be used. However, in parts of the research area any management goals apart from
keeping the vegetation as short as possible seem to be lacking.

Criteria for conservation in agricultural landscapes: pollination
Food is the basis for human survival, and therefore agricultural landscapes will not disap-
pear. Thus there will always be a need for finding ways in which agriculture and nature can
be in harmony and may even be mutually beneficial. Furthermore, agricultural activities
were the cause for many species-rich communities and ecosystems in Europe before inten-
sification of agriculture (chapter 1). The importance of habitat remnants in agricultural
landscapes for conservation is recognised by policy makers, such as the European Union
and its member states (Kleijn et al. 1999; Manhoudt & de Snoo 2003; Kleijn & Sutherland
2004). This is also true for road verges and ditches (Schaffers 2000; Geertsema 2002;
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Blomqvist 2005). What are criteria for management and mowing of these habitats? I will
only focus on the point of view of pollination and plant-pollinator interactions.

The presence of pollinators is important for the plants' reproduction. Assuming that
there is a critical diversity of pollinator species richness and plant species, a minimal plant
diversity and flower availability are crucial for the conservation of flower-visiting insects
(see above). For the conservation of plants, particularly in fragmented habitats, the habitat
requirements of pollinators and the phenology of both flowering plants and their pollinators
should be taken into consideration. Important pollinator groups are bumblebees, syrphids,
flies and solitary bees. A recent questionnaire about conservation and insects among man-
agers of Dutch nature reserves revealed that only in a minority of cases the major pollina-
tors, bees and hoverflies, are included as target groups for management practices (Bulten
& Kwak 2002). This indicates that more attention is needed for these groups, particularly
when target species for conservation are insect-pollinated plants.

Rare plant species may indirectly depend on common species (Bronstein 1995), there-
fore also core and common plant species should be integrated in conservation (Dupont et
al. 2003). For diverse plant communities it is crucial that litter is removed within one to
two weeks after mowing (Schaffers 2002), and the machinery used should only mow the
vegetation, and not destruct growing meristems, the root zone or destroy nesting sites of
pollinators.

Furthermore, plants must have a chance to flower and set seed. This will determine
the timing of mowing as it is species dependent. A solution for the problem of different
phenologies of plant species can be to mow only parts of a road verge or ditch bank, or
have a different timing for either side of a road or ditch. Mowing can be directed at certain
target species. For example, in the nature reserve Elperstroom- De Reitma (chapters 6 &
7), large patches of Succisa pratensis (a target species for conservation in that area) were
not mown by Dutch State Forestry until the plants had had a chance to set seed.
The habitat requirements of the insects have been discussed in chapter 8 and above. In
summary, important are habitat heterogeneity, availability of nesting sites and food plants
throughout the season, including late and early plants. These aspects will also determine
the timing of mowing, together with the survival of some insect larvae.  

Increasing the amount of habitat and its heterogeneity in agricultural landscapes is fre-
quently stimulated by sown herb strips along fields or agri-environmental schemes. Sown
herb strips have shown to increase insect diversity, including natural enemies of crop pests
(Salveter 1998b). Agri-environmental schemes have shown to be only partially or not
effective for increasing biodiversity, probably due to their short-term and scattered nature
(Kleijn et al. 2001; Kleijn & Sutherland 2004; Blomqvist 2005). A better and more con-
tinuous management (mowing, coppicing, etc.) of small elements that are already present
in agricultural landscapes, like the sites discussed in this thesis, may sometimes be cheap-
er than creating new, artificial and annual habitats.

In the end, the diversity of both plants and insects will be important for long-term
insurance of plant species richness. Or as Corbet (1997) phrased it: "A diverse pollinator
assemblage requires a diverse vegetation, and a diverse vegetation requires a diverse polli-
nator assemblage".
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INTRODUCTION
Mowing of road verges and ditch banks is a regularly applied management measure, and
has also been applied in the sites of this study. The consequences of mowing for the flow-
ering of plants, insect visitation and pollination are largely unknown (see chapter 9 for dis-
cussion about management in general). In the previous chapters of this thesis mowing was
regarded as a side effect. In this box I will do a more systematic analysis of the effect of
mowing with the data that are available. The following questions are asked: (1) What are
the mowing regimes in the research area? (2) How many and which plant species produce
new flowers after mowing? (3) Do visitor compositions differ between first and second
flowering?

MATERIAL AND METHODS
Data about management were gathered for the sites (road verges and ditch banks) in the
research area in 2000 (42 sites) and 2003 (49 sites). From May to October the sites were
inspected approximately every two weeks and the mowing regime was scored.

For the question of reflowering and the amount of reflowering the transect observations
from 2000 were used (see chapter 3 for methods). From this data set nine sites were
selected that were mown in either the end of May, in June or the beginning of July in
2000. Per plant species that was flowering at the time of mowing, the amount of reflower-
ing was calculated as the percentage of the maximum number of flowers produced after
mowing relative to the maximum number of flowers before mowing. Only plant species
with a minimum of 25 flower units just before mowing were used to prevent outliers.

In addition, in 2003, the number of flower units (flowers, umbels, heads, stems) was
scored per plant species approximately every ten days in seven permanent quadrates of 4
m2 at five sites with an expected difference of mowing regime. From the data in the per-
manent quadrates, flowering phenology curves are produced. Flowering is expressed as
percentage of flowers on the day with the maximum number of flowers (100%).

For analysing possible differences of visitor compositions before and after mowing, two
generalist plant species, i.e. Hypochaeris radicata (two sites) and Jasione montana (one
site), and two specialist species, i.e. Symphytum officinale and Trifolium pratense (both
at two sites) were selected from the transect data of 2000. All selected sites were mown
once in June. The flower abundance, the number of visitors, the number of visitor species
and the composition of visitors from two censuses per site before mowing were compared
with two censuses after mowing. The Jaccard similarity-index, the fraction of visitor
species observed before and after mowing relative to all species observed, was used to
estimate differences in visitor composition before and after mowing. 
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RESULTS AND DISCUSSION

Mowing regime
The mowing frequencies varied between 0 - 6 times per site in 2000, and between 0 - 3
times in 2003 (fig. 9.2). In both years the majority of sites was mown once or twice.
Eventually also the remaining sites (mostly along arable fields) were mown after the flow-
ering season in November. The earliest mowing was in May in both years. In 2000, most
mowing events were in July and September. In 2003, most sites were mown in June, July,
September and October, but in August no mowing was done. August 2003 was extremely
dry and hot, therefore mowing was probably postponed until September. This may also
have been a reason for why the mowing frequency was lower than in 2000. Apart from
mowing, also other disturbing or management activities took place: at some places in both
years (parts) of sites were destroyed by agricultural machines, and often the dead matter
from cleaning ditches was cast on the ditch banks or adjacent verges. Locally, individual
plants like Anthriscus sylvestris were chopped off or sprayed. In 2003, two sites were dug
up for constructing new sewage systems and cables, and at two other sites the entire top-
soil was removed.

At several sites, a narrow strip of vegetation at the remotest part from a road close to a
ditch remained after mowing. Plants were still flowering in these remains. This may
explain why no relation was found between mowing regime and flower abundance or
species richness in chapter 3. Furthermore, sometimes only several hundreds of meters of
a road verge or only one side of a road were mown. Litter removal was scored in 2003. At
5 out of the 41 mown sites litter was removed and at 36 sites it was not. Not removing lit-
ter can limit the regrowth of plants and may also be a cause of reduced reflowering.
Furthermore, it leads to accumulation of nutrients, thereby affecting the vegetation compo-
sition on a longer term. The height of a vegetation was no criterion for mowing, as at some
sites where vegetation height was already extremely low (e.g. 5 cm), mowing would still
progress.
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Fig. 9.2. Mowing frequencies of road verges and ditch banks between the beginning of April and the
end of October in 2000 and 2003.
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The type of mowing machinery used by the district authorities often reduced the vege-
tation, and sometimes even the soil, to dust. Rotary mowers were less often used. Many
different parties were involved with the management, that were not all cooperating: dis-
tricts, the province, water managing authorities, local land owners and farmers, and state
forestry. It happened to occur that a site was repeatedly mown by different parties. At one
site, there was a so-called "ecological road side management", i.e. the site was only mown
once a year at the end of the season. This type of management surprisingly included strip-
ping off the vegetation and parts of the top soil (in July 2003), but less severely than the
other two sites where the entire topsoil was removed. 

Reflowering
At the selected sites of the transect observations 28 plant species (3 annual or monocarp
and 25 perennial) were flowering at the time of mowing (table 9.3). The majority (20)
produced new flowers after mowing, but most of them (16) less or much less than before
mowing. Reflowering does not seem to be related to plant family or flower type, but is
species-specific. Many (13) plant species occurred at only 1 site at the time of mowing,
making it difficult to generalise.

The flowering curves from the permanent quadrates (2003) differ between the sites
(fig. 9.3), which is only partially due to different times of mowing. Local phenological vari-
ation and species composition are other causes, as shown by the quadrates 19G, 19K,
20A and 35A, that were all mown on July 16th. Site 11 is one of the road verges in which
the entire topsoil was removed in July, therefore hardly any reflowering could take place. In
quadrate 35A flowers were not reduced to zero. The plants still flowering were Potentilla
reptans and Trifolium repens, that were not cut by the mowing machinery due to their low
height. All sites were mown late in the season in September or October. Contrary to early
mowing, after this hardly any reflowering took place, apart from some flower heads of
Leontodon autumnalis.

The effect of mowing is very nicely illustrated at site 22: quadrate 22A was mown in
July and September, whereas 22B only in September. Because of the similarity of the veg-
etation in those quadrates, the flowering curves of individual species flowering at the time
of mowing are shown in figure 9.4. In 22A there is a gap in flowering, while in 22B it is
continuous. In 22A, five perennial plant species produced new flowers after mowing. The
only annual, Rhinanthus angustifolius, did not reflower, strengthening the expectation that
annuals may less often reproduce new flowers than perennials. Achillea millefolia and R.
angustifolius were both at the peak of flowering in 22B when mowing occurred in 22A.
Achillea millefolia reproduced new flowers, but much less than before (20%). Also
Hypochaeris radicata produced less flowers, but still its curve in 22A is similar to 22B. It
had already passed its peak at the time of mowing, and maybe this species naturally pro-
duces extra flowers later in the season. Nevertheless, the reproductive output from the first
peak in 22A was zero. Hieracium laevigatum, H. umbellatum and Campanula rotundifo-
lia all started to flower at the time of mowing, resulting in delayed flowering curves. As a
result, the length of the flowering period of H. umbellatum and C. rotundifolia is much
shorter in 22A than in 22B.
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Visitation
The amount of reflowering of the four plant species differed between sites: it could be
more, less or in the same order of magnitude compared to before mowing (table 9.4). The
number of visitors (per flower unit and absolute) after mowing was always less than before
for both generalist species (Hypochaeris radicata and Jasione montana). For Symphytum
officinale and Trifolium pratense there were either more or less visitors after mowing. The
difference in visitor species and abundance can be due to phenology and differences in
flower abundance (chapter 3). 
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Table. 9.3. Plant species affected by mowing at nine sites (road verges and ditch banks) in 2000.
Sites were mown in either the end of May, June or the beginning of July. Per plant species the reflowe-
ring was calculated as the percentage of the maximum number of flowers produced after mowing rela-
tive to the maximum number of flowers before mowing. These percentages are averaged per species:
Values of 0% mean that no new flowers were produced after mowing, below 100% that less flowers
are produced than before mowing, and above 100% more flowers than before mowing.

Plant species family flower type life history % reflowering ±SE N sites

Aegopodium podagraria Apiaceae umbel perennial 0.0 1
Anthriscus sylvestris Apiaceae umbel perennial/monocarp 0.0 1
Bellis perennis Asteraceae head perennial 22.7 ±17.2 2
Crepis capillaris Asteraceae head annual 82.5 ±51.4 2
Hieracium aurantiancum Asteraceae head perennial 2.6 1
Hieracium laevigatum Asteraceae head perennial 1300 ±770 5
Hypochaeris radicata Asteraceae head perennial 264 ±127 8
Matricaria species Asteraceae head annual 1.6 ±1.6 2
Taraxacum officinale Asteraceae head perennial 1.1 ±1.1 2
Valeriana officinalis Valerianaceae brush perennial 22.0 ±22.0 3
Cardamine pratensis Brassicaceae bowl perennial 0.0 1
Rorippa amphibia Brassicaceae bowl perennial 0.0 1
Lysimachia vulgaris Primulaceae bowl perennial 0.0 2
Ranunculus acris Ranunculaceae bowl perennial 15.4 ±7.0 2
Ranunculus repens Ranunculaceae bowl perennial 3.8 ±3.5 4
Potentilla reptans Rosaceae bowl perennial 0.0 1
Lychnis flos-cuculi Caryophyllaceae tube perennial 8.1 ±7.6 3
Silene dioica Caryophyllaceae tube perennial 5.0 1
Symphytum officinale Boraginaceae tube perennial 7.6 ±7.6 2
Iris pseudacorus Iridaceae gullet perennial 0.0 1
Glechoma hederacea Lamiaceae gullet perennial 0.0 1
Lamium album Lamiaceae gullet perennial 15.4 1
Linaria vulgaris Scrophulariaceae gullet perennial 1125 1
Scrophularia nodosa Scrophulariaceae gullet perennial 2.0 1
Lupinus polyphyllus Fabaceae flag perennial 1.8 1
Trifolium pratense Fabaceae flag perennial 54.2 ±22.9 5
Trifolium repens Fabaceae flag perennial 325 ±127 6
Vicia sepium Fabaceae flag perennial 4.7 ±4.7 3
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Hypochaeris radicata and Jasione montana had different visitor compositions before and
after mowing: the Jaccard-indices varied between 0.13 and 0.27. Also the main visitor
species were different before and after for both plants (table 9.4). For the two specialist
plant species there hardly was any difference before and after mowing. The Jaccard-
indices were between 0.43 and 0.67, and the main visitors were always bumblebees
(Bombus species), but sometimes in different proportions between the species.
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Fig. 9.3. Flowering phenology in road verges in relation to mowing in course of 2003 (in seven per-
manent quadrates of 4 m2 at five sites). The flower abundance is shown as percentage of the maxi-
mum number of flowers of all plant species in a permanent quadrate (100%). Dates are expressed as
Julian (continuous) days; day 151 is the June 1st, 2003. Mowing is indicated with diamonds on the
x-axis. At two sites there were two permanent quadrates (19G and 19K, and 22A and 22B). The first
mowing event at site 11 is actually the removing of the entire topsoil (ca. 5 cm) and not mowing.
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Fig. 9.4. Flowering phenology of six plant species in two permanent quadrates of 2x2 m in 2003. The
permanent quadrates are in road verges at either side of a small road. The quadrate 22A (upper
graph) was mown twice, 22B (lower graph) only once. The flower abundance is expressed as percen-
tage of the maximum number of flowers of all plant species in a permanent quadrate (100%). Dates
are expressed as Julian (continuous) days; day 151 is the June 1st, 2003. Mowing is indicated with
diamonds on the x-axis.

Table. 9.4. Summary of the effects of mowing on the four plant species from table 9.2 and expecta-
tions for pollination and seed set. Signs indicate situation after mowing compared to before mowing:
less (-), equal (=) or more (+).

species flowering visitation visitor effective expected expected
species visitors pollination seed set

generalist H. radicata - - - -/= -/= -
J. montana + - - - - -

specialist S. officinale +/- +/- = = = =/-
T. pratense +/- +/- = = = =/-
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Conclusions
The mowing regime was highly variable in the area and in most road verges and ditch

banks the litter was not removed. Many persons and authorities are managing the area,
sometimes simultaneously. The majority of plant species analysed (71%) produced flowers
after mowing in spring or summer, but mostly less than before mowing. The flower-less
gap between mowing and reflowering at a site differed between some days and two
weeks. After late mowing did hardly any plant species produce new flowers. For all four
plant species there were differences in the number of visitor individuals before and after
mowing. Visitor composition differed before and after mowing for the generalist plant
species, and also when the number of flowers was higher after mowing, the number of vis-
itors and visitor species was lower. For the specialist plant species the number of visitors
was lower or higher after mowing, but the number of visitor species and the composition
hardly differed. Whether the differences in visitor compositions between the plant species
is also reflected in differences in pollination can only be guessed. Had the vegetation not
been mown, it is likely that the generalist species would have had a higher pollination and
seed set compared to a mown situation (table 9.3). For the specialist plants it would have
been equal or higher. Reduced seed set after mowing caused by reduced flowering and
pollination is better than no seed set at all, as the latter would mean no reproduction.
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