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Biodiversity affects plant-flower-visitor foodwebs

Frank Hoffmann and Manja M. Kwak

4

SUMMARY

Foodweb analysis can give insight into the consequences of biodiversity loss for ecosystems. In this
paper a foodweb approach is used for plant-pollinator interactions. The questions are how con-
nectance and linkage levels of plants and insects are affected by species richness, and whether effects
differ between functional groups. Connectance is the proportion of all possible interactions between
plants and insects that are actually established. Linkage level is the number of other species in a food-
web a particular species interacts with. In road verges and ditch banks differing in species richness in
the Netherlands, the visitation of insect species on flowering plant species was investigated in 2000.
Path analysis was used to investigate the effects of plant and insect species richness and abundances
on connectance and linkage levels. The mean connectance per census was 0.21 ±0.01 SE, the mode
0.33. Plant species richness was the most important predictor in the path model. The mean plant
linkage level per census was 2.27 ±0.09 SE and the mean total linkage level was 35.0 ±3.9 SE.
The mean insect linkage level per transect was 1.29 ±0.02 and the mean total linkage level was
15.9 ±1.3. Plant linkage level decreased as there were more plant species, but there was a positive
effect of insect species richness on plant linkage level that in turn was positively affected by plant
species richness. Insect linkage level varied little, but the effect of plant species richness was positive,
contradicting findings of other studies. The effects varied in strength and direction between taxonomi-
cal and functional groups of plants and insects. The study showed that human induced differences in
species richness of plants and insects do affect network parameters of communities of flowering plants
and flower visiting insects. 

FH-diss  03-11-2005  11:34  Pagina 61



INTRODUCTION

During the last century, habitat fragmentation, invasions of alien species and changes in
land use like agricultural intensification have lead and still lead to the decline of species.
This is the case for flowering plants (Quinn et al. 1994; Tamis et al. 2004), and flower-
visiting insects, e.g. butterflies (Dover et al. 1990), bees (Westrich 1996; Peeters et al.
1999; Calabuig 2000; Cane 2001; Peeters & Reemer 2003), and bumblebees (Williams
1986; Rasmont 1988). A pattern frequently observed for both animals and plants is that
common species become more common and rare species rarer (Plate et al. 1992; Kwak
1994a).

Flowering plants and flower visitors are not isolated, but interact within communities.
Foodweb analysis can be used to describe how communities are structured and can give
insight in what may be the consequences of habitat fragmentation, climate change or bio-
diversity loss for entire communities and ecosystems (Memmott 1999; Dunne et al.
2002; Owen et al. 2002; Garlaschelli et al. 2003). The study of bimodal mutualistic
interaction webs, like between plants and flower visitors, and plants and frugivores, has
recently gained increasing attention (Memmott 1999; Dicks et al. 2002; Olesen et al.
2002; Olesen & Jordano 2002; Bascompte et al. 2003; Dupont et al. 2003; Jordano et
al. 2003). These mutualistic interaction webs differ from "normal" foodwebs in the fact
that they consist of only two trophic levels with a more or less mutual relationship, i.e.
plants (food source) and their flower visitors or fruit eaters (dispersal service). Insights are
that plant-flower-visitor communities have a high level of generalisation, and that interac-
tions between plants and flower visitors are weak and asymmetrical (Jordano 1987;
Waser et al. 1996; Memmott 1999; Elberling & Olesen 1999; Olesen & Jordano 2002,
but see Vázquez & Aizen 2003). This means that many specialised plant species are visit-
ed by generalised insects, whereas many specialised insects visit generalised plants.
Furthermore, both levels of the web are dominated by a small number of abundant plant
and animal (insect) species. In different communities, regardless of climate, the majority
of insect species visits only two to five plant species on average (Olesen & Jordano 2002).
Similarly, in networks many plant species have few interactions or no visitors at all, but
only few species are visited by a large number of animal species (Moldenke 1975).

Two measures have been applied to quantify the interactions between trophic levels
within a foodweb, viz. connectance and linkage level. Connectance is the proportion of
interactions that are actually established relative to all possible interactions between the
two levels (Jordano 1987). Linkage level is the number of species in a food web a particu-
lar species interacts with, and is often used as a measure of specialisation of a species or
community (Olesen et al. 2002; Olesen & Jordano 2002; Dupont et al. 2003), and is
also called niche width (Moldenke 1975; Heithaus 1979). The linkage level should be
used in a food-web context, and the level of specialisation for the inherent number of taxa
a species as a whole can interact with. For example, bumblebees potentially visit many
more plant species than oligolectic (i.e. obligate specialist) bees, and can therefore be
called more generalised. However, at a certain place and time they may have a low linkage
level because they only visit a restricted number of plant species. Still, linkage level of a
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species can be used as an estimate for specialisation level within a large enough area or
time span.

In a review about different bimodal network systems from different climates, Jordano
(1987) found that as the number of species in a mutualistic system increases, the
absolute number of established interactions also increases, but the connectance decreases
exponentially. Similarly, in temperate climates connectance was marginally higher than the
tropics, and much higher at higher altitude compared to lowlands (Olesen & Jordano
2002). This could be related to species richness, as in the tropics there are more species
than in temperate regions, and at low altitudes there are more species than at higher alti-
tudes.

Super-generalists are species that interact with many more species than the other
species in the community (Olesen et al. 2002). On oceanic islands community linkage
level and the occurrence of super-generalists of both plants and animals appeared to be
much higher than on mainland habitats. Interestingly, Heithaus (1974, 1979) and
Moldenke (1975) similarly found that in extreme habitats (deserts, alpine areas), the pro-
portion of generalist flower visitors was higher and the chance of finding super generalists
was expected to increase. More specialists were found under moderate climatic condi-
tions. They also found that when plant species richness was higher, insect linkage level
was lower. Contrary to this, Olesen & Jordano (2002) found that only plant species have
higher linkage levels at higher latitudes and in lowlands, and lower levels at lower latitude,
highlands and on islands. Insects did not show this pattern. This may be due to the fact
that insects were analysed as a whole, while separate insect taxonomical groups may
behave differently and should be compared within a group. In summary, species richness
in extreme climates, at high altitude and on islands (isolation) is low. This can affect link-
age levels and the balance between generalism and specialism.

In the studies described above, communities were compared over climatic and altitudi-
nal ranges, and processes explained at evolutionary time scales. With this in mind we can
ask ourselves whether lower linkage levels can also be found within systems where
species richness has decreased because of human activities. Such sites may be compara-
ble to the above mentioned oceanic islands and "extreme" climates: species richness has
declined due to human activities, and many habitats are fragmented, comparable to
islands.

The research questions in this paper are: (1) How are connectance and linkage levels
of plants and insects affected by species richness, and (2) do effects differ between various
functional groups of plants (flower types) and insects (taxonomical groups)? We predict
that a lower species richness will have a negative effect on connectance and linkage levels.
Flower visitation data from sites differing in species diversity caused by differences in land
use will be used to answer this question, focusing on communities and functional groups,
and not on individual species. 
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MATERIAL AND METHODS

Research area
We conducted our study in road verges and ditch banks. In agricultural landscapes these
linear sites are often the only natural habitats. In the Netherlands road side habitats cover
up to 2.1 % of the total land area, a considerable amount compared to the 4.2 % of natu-
ral areas (Schaffers 2000). The study area was situated in the Netherlands in the north of
the province of Drenthe (53º00'N, 6º35' E), an area of Pleistocene origin with (loamy)
sand or peat on sand soils. In 2000, we inspected ca. 325 km of road verges and ditch
banks to select 51 linear sites of 100 m length and 1-2 m width. The sites were not shad-
ed. Verges along large roads and motorways were avoided for safety reasons. The distance
between sites varied between 500 m and 4 km.

The sites were situated in landscapes with different land use, varying from intensive
agriculture (crop fields and sown grasslands), grazing meadows (cattle, sheep and horses)
or semi-natural natural reserves. Plant species richness varied between sites that differ in
land use (chapter 3). Insect species richness was affected by land use to a lower extend
than plant species richness, but was positively related to plant species richness (chapter
3). In this paper we will concentrate on diversity and abundance of flowering plants and
flower visiting insects.

Transect observations
Within each site the number of flowering units was counted of all occurring entomophilous
plants (no graminoids or other wind-pollinated plant species). Flowering units were single
flowers, umbels, heads and spikes, depending on the species. All insects visiting inflores-
cences, without any prior selection of taxa, were counted by walking slowly along a tran-
sect once. Insects were identified in the field to species or morphotype, henceforward
"species" indicates both. We collected insects only occasionally, as this could disturb the
observations. Samples of insects were identified later. The observation time of insects was
usually between 11:00 and 16:00 h local time.  We started and/ or stopped earlier or later
when forced by circumstances like extreme temperatures, light period, or abrupt weather
change. The weather circumstances were as constant as possible, i.e. winds speed less
than 5 Beaufort, and no precipitation. All 51 sites were visited approximately every two
weeks from the beginning of May until the beginning of October 2000, ten cohorts in total. 

Variables
Our data set consisted of the number of flowers per plant species, and the number of indi-
viduals per insect species per plant species visited, all per site within cohort. The data set
was used to calculate the following variables:
(1) Connectance (C), the proportion of all interactions realised relative to all possible inter-
actions within a network; C= Ni/Sp·Sa where Ni= number of interactions between insect
and plant species, Sp= number of plant species, Sa= number of animal (insect) species.
(2) Linkage level (L), the number of species of the other trophic level a species interacts
with, where Lp= plant linkage level and La= animal (insect) linkage level. When a plant
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species has Lp= 7 this means that this species was visited by seven insect species; La= 4
means that an insect species has visited four plant species. In this study the minimum
insect linkage level La is always 1.0, as only insects were observed that visited flowers.
The minimum plant linkage level Lp can be 0.0, as we counted all flowering plant species,
including those that were not visited by insects.

For a number of analyses, separate functional or taxonomical groups of plant and
insect species were used. We subdivided the plant species into nine flower types: umbel,
brush, head, umbel-head, bowl, bell, tube, gullet, and flag (see chapter 2 for definitions).
The insects were subdivided into nine groups: beetles, flies (non-syrphid Diptera), syrphids
(hoverflies), butterflies, moths, wasps, ants, solitary bees, bumblebees, the honeybee, and
other. Bees were subdivided into three groups:  solitary bees, bumblebees, and the honey-
bee.

For each census (site within cohort) we calculated the connectance, mean plant link-
age level Lp and mean insect linkage level La (i.e. mean over the linkage levels per
species), and mean Lp and per flower types and mean La per insect group. The overall
mean linkage levels with standard errors of the mean were calculated from these transect
values. The total linkage levels were calculated as a mean over the total number of
species a plant species was visited by, or an insect has visited during the whole research
period and over all sites. For the total linkage levels we used only plant species that were
visited by at least 25 insect individuals, and insect species with at least 25 individuals.
We chose this (arbitrary) minimum to avoid outliers caused by the effect of incidental
observations on the means.
Since mean connectance and Lp changed during the season, regressions of species rich-
ness on connectance and Lp were done within cohort first. As the results did not differ
between cohorts, we used the values of the censuses of all cohorts together. We did not
sum the interactions over the cohorts because this would create mistakes due to "pheno-
logical mismatching" (Jordano et al. 2003): this means that one would expect interactions
between plant and insect species that are impossible, as their flowering and flight periods
do not overlap. 

Statistics
Analysis of variance (ANOVA) was used to test differences of linkage levels between cate-
gories of insect groups and flower types. We used multiple regressions to analyse relations
between plant species richness and flower abundance as predictors and insect species
richness and abundance as dependents.

Path analysis was used to test the effects of plant and insect species richness and
abundances on connectance and linkage levels. This technique is useful for systems with
many intercorrelated variables. Overall correlation of the variables can be decomposed into
direct and indirect effects. Path coefficients (basically the standardised betas from multiple
regressions) indicate the amount of change a dependent variable experiences from a
change in the independent variables. Models are displayed in so-called path diagrams
(Sokal & Rohlf 2001). Paths are indicated with arrows in such models. Exogenous vari-
ables are variables without external causes, endogenous variables are affected by exoge-
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nous and other endogenous variables. The fit of a path model can be tested using a chi-
square goodness-of-fit test. Non-significance indicates that no deviation occurs between
the observed correlations and the expected correlations calculated from the model, and
that the model can be accepted as a valid explanation. One should be aware that several
models may fit. Path analysis is a part of structural equation modelling (SEM) inside statis-
tical packages (Mitchell 1993; Shipley 1997).

We used the SEM module SEPATH within the package Statistica version 6.1 (StatSoft,
Inc., 2003) for the analyses of the path models. Models were tested for overall con-
nectance, plant linkage level Lp and insect linkage level La and for Lp per flower type and
La per insect group. For all variables several models were tested. Primarily, in all models
plant species richness and flower abundance were used as correlated exogenous variables,
and insect species richness and abundance as endogenous. As this did not provide any fit,
the models were adjusted. If more than one significant model (i.e. p> 0.05) or when no
fitting model could be found, the Jöreskog GFI and the Akaike Information Criterion in
SEPATH were used to select the best model.

We tested the equality of slopes of plant species richness on La among insect groups in
a general linear model (GLM), with La as dependent, insect group as independent and
plant species richness as covariable. The interaction between insect group and plant
species richness was significant, meaning that the slopes were not equal. Differences
between the slopes from linear regression were then tested using a Tukey-test for compar-
ison among slopes (Zar 1984).

The package SPSS 12.0.1. for windows (SPSS Inc., 2003) was used for all the other
analyses than the path models.

RESULTS

Species diversity
In total, 79 flowering plant species and 361 flower visiting insect species were observed.
There was a positive significant relation between plant species richness and flower abun-
dance and insect species richness (r2= 0.29, F=65.95, p< 0,001) and abundance (r2=
0.09, F=14.75, p< 0.001, multiple regressions).

Species richness of flowering plants increased from ca. 6 species in spring to ca. 10
species in summer, and then decreased again to 6 species at the end of the season (fig.
4.1A). Flower visiting insects had a stronger increase and decrease: around 11 species in
spring, then a slight decrease in June to 9 species, a summer peak of around 18 species,
and a decrease to around 4 species in the last cohort. 

Connectance
Connectance (the proportion of realised interactions of all possible interactions) showed an
opposite phenological pattern compared to species richness and abundance: the mean
connectance decreased from around 0.3 in spring to around 0.19 in summer, and then
increased again to 0.3 at the end of the season (fig. 4.1B).The mean connectance per
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census was 0.21 ±0.01 SE and the mode 0.33. It varied between 0 (no interactions) and
1 (all plant species at a site during a census had interactions with all observed insect
species). Connectances of 1.0 occurred only in 6 out of the 331 censuses, but in all 6
cases the number of plant species was also 1. In all other censuses connectance was
lower than 0.58. Values of 0.0 (no insects observed on the flowers present) occurred only
when plant species richness or flower abundance were very low (in 9 cases). The relation
between connectance and plant species richness was negative and was best described
with a power function (r2= 0.90, F= 2767.86, p< 0.001). Since linearity is an assump-
tion of path-analysis, the variables were log-transformed. Connectance was not significant-
ly related to insect species richness. In the path model for connection (fig. 4.2a) plant
species richness was the most important predictor (table 4.1; X2= 1.072, df= 1, p> 0.3).

Plant linkage level
Plant linkage level Lp had a similar pattern as insect species richness: an increase towards
summer (from 2.2 in May to 2.6 in July), and then decrease towards the end of the sea-
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Fig. 4.1. Phenological patterns of species richness, connectance and linkage levels in 2000. (A) mean
number of species of flowering plants and flower visiting insects, (B) mean connectance, and (C)
mean plant and insect linkage level.
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son (1.2 in October), but the highest peak was in May (3.4). The mean plant linkage level
Lp per census was 2.27 ±0.09 SE and the mean total linkage level was 35.0 ± 3.9 SE.
The only fitting path model had plant species richness and flower abundance as exoge-
nous and insect species richness as endogenous variables affecting plant linkage level Lp

(fig. 4.2b; X2=2.288, df= 1, p> 0.1). The strongest effect was from insect species rich-
ness on Lp (positive). Plant species richness had a negative direct effect and a positive
indirect effect through insect species richness. Therefore the net effect was rather small
(table 4.1). A proposed model with a direct path from flower abundance Lp did not fit.

Chapter 4

68

Table. 4.1. Direct, indirect and total effects in the path analyses of connectance, plant linkage level
and insect linkage level (see fig. 4.2 for the models). The total number of censuses was 331, the
number of sensuses with insects was 322.

Effects
direct indirect total

Connectance Plant species richness -0.981 0.035 -0.946
Insect species richness 0.071 0.071
Flower abundance 0.031 0.031

Plant linkage level Plant species richness -0.626 0.438 -0.188
Insect species richness 0.889 0.889
Flower abundance 0.382 0.382

Insect linkage level Plant speceis richness 0.481 0.038 0.519
Insect abundance 0.145 0.145
Flower abundance 0.035 0.035

Fig. 4.2. Path models explaining variation Connectance (a), Plant linkage level (b) and Insect linkage
level (c). Paths are indicated with arrows, correlations with unheaded lines. Thickness of lines corres-
ponds with path values. For models (a) and (b) p>0.05. C=Connectance, Lp= plant linkage level,
La= insect linkage level, Sp= plant species richness, Ap= flower abundance, Sa= insect species
richness, Aa= insect abundance, U= residual (unexplained) variation.
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Flower type had a significant effect on mean Lp (table 4.2; F=49.7, df= 8, p<
0.001), the (partly overlapping) classes in order of decreasing average plant linkage level
Lp were: 1. umbel (ca. 7 insect species per site), 2. umbel head, brush, and head (3
species), 3. bowl and bell (1 species), and 4. tube, gullet, and flag (<1 species).
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Table. 4.2. Plant linkage levels (mean and total Lp) of flower types (see text), and direct, indirect and
totel effects on mean Lp from path analyses (models in fig. 4.3).The total number of sensuses was
331.

mean Lp ±SE1 total Lp ±SE2 effects
flower type (N censuses) (N plant species) direct indirect total

umbel 7.19 ±0.46 70.4 ±13.2 Sp
3 -0.432 0.344 -0.088

(250) (5) Sa
4 0.726 - 0.726

Nfl5 0.149 0 0.149

umbel head 3.10 ±0.37 39.9 ±4.1 Sp -0.306 0.224 -0.082
(121) (3) Sa 0.472 - 0.472

Nfl 0.339 0.074 0.413

brush 3.10 ±0.30 31.6 ±7.2 Sp -0.281 0.206 -0.075
(154) (7) Sa 0.435 - 0.435

Nfl 0.581 0.177 0.695

head 2.31 ±0.37 51.7 ±21.1 Sp -0.284 0.173 -0.111
(142) (12) Sa 0.366 - 0.366

Nfl 0.380 0.103 0.483

bowl 1.39 ±0.12 44.2 ±7.8 Sp -0.282 0.091 -0.190
(277) (9) Sa 0.193 - 0.193

Nfl 0.504 0.020 0.524

bell 0.92 ±0.28 12 Sp 0.324 0.196 0.520
(25) (1) Sa 0.414 - 0.414

Ap6 0 0.173 0.173

tube 0.85 ±0.11 13.5 ±1.5 Sp -0.443 0.091 -0.351
(118) (2) Sa 0.193 - 0.193

Nfl 0.369 0 0.369

gullet 0.54 ±0.07 7.5 ±1.4 Sp -0.249 0.051 -0.198
(182) (6) Sa 0.108 - 0.108

Nfl 0.262 0 0.262

flag 0.34 ±0.04 7.8 ±1.6 Sp -0.174 0.070 -0.104
(242) (4) Sa 0.148 - 0.148

Nfl 0.388 0 0.388

1The mean of linkage levels over all sensuses within a flower type. 2The mean over the total number of insect
species a plant species was visited by during the whole research period (only plant species >24 visits are
included). 3Plant species richness. 4Insect species richness. 5Flower abundance per species. 6Total flower
abundance.
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Two models had good fits for the Lp of several flower types: the first was the same as for
overall Lp in fig. 4.2B, with total flower abundance as indirect exogenous variable. In the
second model the abundance per flower type was used as exogenous variable affecting Lp

directly and sometimes indirectly through insect species richness (fig. 4.3). For all flower
types except bell the models with flower abundance per flower type provided the best fits.
This means that a higher flower abundance increases the chance that a plant species is
visited by more insect species.

The strengths of the paths between the variables differed between the flower types (fig.
4.3): they tend to be stronger for the types with a higher mean Lp (umbel, umbel head,
brush, and head), and weaker for types with a lower mean Lp (tube gullet and flag). For
brush, head, bowl, gullet and flag flower abundance had the strongest net effect on Lp

(table 4.2). The effect of insect abundance on Lp was strongest for the four types with
highest mean Lp (umbel, umbel head, brush, and head) and for bell. The total effect of
plant species richness on Lp was lowest when the effect of insect species richness was
strongest: the indirect effect of plants species richness works via insect species richness.
The total effect of plant species richness compared to other variables within a model was
strongest for bell (positive), and tube and gullet (negative).

Insect linkage level
The phenological pattern of insect linkage level La hardly changed at all (between 1.2 in
May and 1.4 throughout the season) and was mostly 2.0- 2.5 times lower than plant link-
age level, except at the end of the season (La= 1.8 in October; fig. 4.1C). The mean insect
linkage level La per transect was 1.29 ±0.02 and the mean total linkage level was 15.9
±1.3. For the overall La no fitting path model could be found. The model in fig. 4.3C is
based on the models per insect group (fig. 4.4), with plant species richness and insect
abundance as variables directly effecting La. The total effect of plant species richness on La

was low compared to that on plant linkage level Lp (table 1).
The mean La (table 4.3) differed between insect groups (F=16.584, df=10,

p<0.001,). The (overlapping) classes in order of decreasing mean La are: 1. fly, honeybee
and bumblebee (around 1.4 plant species), 2. syrphid and beetle (1.3 species), and 3.
butterfly, solitary bee, moth, ant, wasp and other (1.1 species).

For several insect groups fitting path models for La could be found (fig. 4.4). For almost
all groups the path from per species abundance to La was significant, meaning that when
more individuals of an insect species were observed, they were also observed to visit more
plant species. It had the strongest total effect within a model for butterfly, moth, wasp,
solitary bee, bumblebee and honey bee (table 4.3). The effect of plant species richness on
La was the most important for beetle, fly and syrphid. There was a significant interaction
effect of insect group and plant species richness (F=4.916, df=10, p< 0.001,).
Significant differences of slopes of simple linear regression of the relation between plant
species richness and La were found: fly and honey bee had the strongest slopes (b=
0.005), bumble bee, syrphid and beetle were intermediate (b= 0.004), and solitary bee
weakest (b= 0.002). For the remaining groups the slopes were not significantly different
from zero.
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Fig. 4.3. Path models explaining variation in linkage level of the nine flower types (see text). Flower
types are arranged in order of decreasing linkage level (table 4.2). Paths are indicated with arrows,
correlations with lines. Thickness of lines corresponds with path values. Models with p>0.05 are
marked with *. Sp= plant species richness, Sa= insect (“animal”) species richness, Lp= plant linka-
ge level, Nfl= flower abundance within flower type, Ap= total flower abundance, U= residual (unex-
plained) variation.
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Fig. 4.4. Path models explaining variation in linkage level of the nine insect groups (in taxonomical
order). Paths are indicated with arrows, correlations with unheaded lines. Thickness of lines corres-
ponds with path values. Models with p>0.05 are marked with *. Sp= plant species richness, Sa=
insect (“animal”) species richness, La= insect linkage level, Aa= insect abundance within group,
Ap= total flower abundance, U= residual (unexplained) variation.
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Table. 4.3. Insect linkage levels (mean and total La) of insect groups, and direct, indirect and total
effects of the path analyses (models fig. 4.4). Since La of ants did hardly vary, no path model was ana-
lysed. The total number of censuses with insect observations was 322.

mean La ±SE1 total La ±SE2 effects
flower type (N censuses) (N plant species) direct indirect total

beetle 1.24 ±0.05 10.5 ±4.1 Sp
3 0.292 0.024 0.316

(138) (4) Aa
4 0.170 - 0.170

Ap
5 0 0.009 0.009

fly 1.46 ±0.03 15.6 ±2.9 Sp 0.379 0.018 0.397
(278) (17) Aa 0.138 - 0.138

Ap 0 0.011 0.011

syrphid 1.31 ±0.02 20.2 ±2.1 Sp 0.250 0.136 0.386
(279) (20) Aa 0.382 - 0.382

Ap 0 0.177 0.177

butterfly 1.17 ±0.03 14.38 ±2.1 Sp 0.049 0.030 0.078
(159) (8) Aa 0.226 - 0.226

Ap 0 0.004 0.004

moth 1.10 ±0.04 18 Sp 0.046 0.093 0.139
(58) (1) Aa 0.481 - 0.481

Ap 0 0.012 0.012

wasp 1.01 ±0.01 4.8 ±1.1 Sp 0.058 0.003 0.061
(118) (3) Aa 0.541 - 0.541

Ap 0 0.043 0.043

ant 1.10 ±0.04 16 - - - -
(51) (1)

solitary bee 1.17 ±0.03 6.9 ±1.2 Sp 0.183 0.044 0.227
(139) (8) Aa 0.426 - 0.426

Ap 0 0.101 0.101

bumblebee 1.43 ±0.04 26.5 ±7.5 Sp 0.303 0.009 0.312
(219) (6) Aa 0.370 - 0.370

Ap 0 0.098 0.098

honeybee6 1.42 ±0.07 33 Sp 0.354 0.014 0.368
(103) (1) Aa 0.426 - 0.426

Ap 0 0.080 0.080

1The mean of linkage levels over all censuses. 2The mean over the total of the number of plant species an
insect species visited during the whole research period (only insect species with >24 individuals). 3Plant
species richness. 4Insect abundance per insect species. 5Flower abundance. 6The honeybee (Apis mellifera)
is only one species. 
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DISCUSSION

Connectance and overall linkage levels
Our study showed that human-induced differences in species richness of plants and
insects do indeed affect network parameters of communities of flowering plants and flower
visiting insects. This was most obvious for connectance and plant linkage level.

Connectance (the ratio of observed plant-insect species interactions relative to all pos-
sible ones) was lower as plant species richness was higher: it could be observed in course
of the season and across sites differing in plant species richness. Species richness of
plants and insects increased in the course of the summer, but insects increased almost
twice as much as plants. Therefore, the number of potential interactions between plant
and insect species increased, too. The actual number of interactions increased less steeply,
and therefore connectance decreased. Connectance was negatively related to plant species
richness, but hardly related to insect species richness in the path analysis. This may be
due to the fact that insect diversity was less different between the sites than plant diversi-
ty (chapter 3), and that flower-visiting insect species richness is strongly related to plant
species richness. Jordano (1987) and Olesen & Jordano (2002) analysed connectance in
relation to total species richness, and did not separate between plants and insects. They
found a negative relation between connectance and total species richness, similar to the
relation between connectance and plant species richness in our study. The mode (0.33)
and mean (0.21) connectance from our study are well in concordance with other systems
from temperate regions with less than 100 plant and insect species in total (Olesen &
Jordano 2002); all our censuses had less than 60 plant and insect species. The high con-
nectance in our system may indicate that the average site is relatively species poor (plants
and insects), however, from the paper of Olesen & Jordano (2002) neither the area size
nor the time span of the studies that they compared can be deduced. Therefore it is diffi-
cult to say how well our system fits into a general pattern. Stang et al. (2005) found that
connectance is strongly affected by size constraints of nectar holders (depth and length of
flowers) and insect mouth parts: this reduced the number of possible interactions by 57%!
If this constraint is approximately the same in all communities, it would mean that, rough-
ly estimated, connectance is always lower than 0.5 in plant-pollinator food webs. In our
study, nearly all connectances were equal to or lower than 0.50 (apart from the 6 out of
331 censuses with only one plant species where connectance was 1.0 and one census
with 0.58). Based on a scale between 0.0 and 0.5, the average connectance of 0.33 may
indeed be high.

Plant linkage level was approximately two times higher than insect linkage level (total
and mean per census). This is not surprising: as there are more insect species than plant
species, plants should have more interactions (Dicks et al. 2002). Abundance of both
plants and flowers explained a large part of the variation of linkage level. The correlation
between abundance and linkage level was also observed in northern Sweden (Elberling &
Olesen 1999). Linkage level may be underestimated, meaning that the more individuals of
a species (plant or animal) are observed, the more interactions will be found. On the other
hand, species that have higher linkage levels or that are more generalised may also be
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more abundant because of their generalism (Dupont et al. 2003; Vázquez & Aizen 2003).
Despite the abundance effect, diversity was strong enough as a factor to be detected with
path analysis and multiple regression.

Plant species diversity had opposing effects on plant linkage level: on the one hand,
linkage level decreased as there were more plant species. But on the other hand, there
was a positive effect of insect species richness on plant linkage level that in turn was posi-
tively affected by plant species richness. The (weak) net effect, however, is still negative,
indicating that plants have fewer interactions as plant diversity increases.

Contrary to plant linkage level and the expectation that insect linkage level would also
be negatively affected by species richness, it hardly varied. The effect of plant species rich-
ness was positive, contradicting findings of other studies (Heithaus 1974, 1979;
Moldenke 1975). The separate analyses within insect groups, as proposed by Olesen &
Jordano (2002), showed that these groups behave differently (see below). The same holds
for the different flower types. A good reason for treating the groups separately is the skew-
ness of the distribution of interactions: the minority of species interact with many other
species from the other trophic level, especially among plants, whereas the majority have
only few interactions (Jordano 1987; Ellis & Ellis-Adam 1993; Memmott 1999).

Flower types
The level of specialisation measured as linkage level varied much between the plant
species: between 0.3 and 7.2 visiting insect species per census, or between 8 and 70 vis-
iting insect species in total (table 4.2). The most specialised species had the flower types
gullet, e.g. Glechoma hederacea (Lamiaceae) and Rhinanthus angustifolius (Scrophula-
riaceae) and flag, e.g. Trifolium pratense and Lotus corniculatus (Fabaceae). The most
generalised plants had the flower type umbel (all in the Apiaceae family, e.g. Anthriscus
sylvestris and Heracleum sphondylium). Stang et al. (2005) showed that nectar holder
sizes (depth and width of flowers) and the number of flowers per plant explain 71% of the
variation in the number of visitor species per plant species in southern Spain.

The Apiacae may be classified as "super generalists" (Olesen et al. 2002), because
their mean and total linkage levels were between three and ten times larger than of the
other flower types (table 4.2). Although insect species richness was the best explaining
variable in the path model for umbels, the presence of the umbelliferous flower itself was
already a cause for a high insect species richness (almost 20 percent of all insect species
were exclusively observed on Apiaceae). Often on a single umbel or plant between 5 and
15 insect species could be observed during a census. More umbels or plants at a site
added only few extra insect species and interactions, a possible explanation for why there
was no path from flower abundance to insect species richness. 

For all flower types except bell, plant species richness had a negative total effect on
linkage level. This was strongest for the most specialised plant species (tube, gullet and
flag). If more plant species are available, insects will choose plant species with more easi-
ly accessible flowers. Furthermore, insect species richness has a much smaller effect on
linkage level, and therefore also on the indirect effect of plant species richness. In plant-
flower-visitor networks, specialised species interact mostly with generalised species (Ellis
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& Ellis-Adam 1993; Waser et al. 1996; Memmott 1999; Corbet 2000b); a measure of
this is nestedness (Bascompte et al. 2003; Dupont et al. 2003). Although we did not
analyse nestedness, we observed that the plant species with the lowest total linkage levels
(thus the most specialised) were mainly visited by bumblebees and the syrphid fly Rhingia
campestris, insects that are generalist at species level, although they may show temporal
specialisation (flower constancy) at the individual level.

The flower type bell consisted of only one species (Campanula rotundifolia), and
occurred at only five sites, which may explain why for the flower type bell a model different
from that for the other flower types gave the best explanation for linkage level. It is the only
species where plant species richness had a positive direct and total effect on linkage level.
Campanula rotundifolia may be facilitated by other plant species in a community as C.
rotundifolia will be visited by more visitor species in the presence of those other plant
species. But to understand whether these extra species are also good pollinators, visitation
rate (number of visits a flower head gets per unit time) and flower constancy, i.e. individual
insect behaviour, have to be studied, along with pollen deposition and seed set (Kwak et
al. 1996; Memmott 1999; Kwak et al. 2000; Thomson & Chittka 2001; Vázquez &
Aizen 2003). Campanula rotundifolia was among others visited by oligolectic solitary
bees specialised on Campanulaceae. Oligolectic bees may be more efficient pollinators
than other species (Cane & Payne 1988; Corbet 1997; Blionis & Vokou 2001). When the
best pollinator is absent, the plant species must rely on other visitors. The number and
abundance of specialised bee species in our study area was significantly reduced at sites
where land use intensity and fragmentation were high (chapter 3). This means that
species with specialised interactions will be more vulnerable to loss of pollinators than
species with generalised interactions (Rathke & Jules 1993; Bronstein 1995; Kwak et al.
1998; Johnson & Steiner 2000).

Insect groups
Flies, bumblebees, syrphids and the honey bee were the insect groups with the highest
total and mean linkage levels. We may consider them as the most generalised. These
groups had linkage levels that were between two and five times higher than those of the
most specialised (lowest linkage levels) species: solitary bees, wasps and ants. The effect
of diversity on linkage level differs between groups: whereas the most generalised groups
tend to visit more plant species as there are more available, this is less the case for the
other groups. Wasps were mostly observed on umbels, flowers with easily accessible nec-
tar. Even though they have low linkage levels, their flower preference or specialisation is
likely to be passive, as they do not have the physical ability to reach many flowers. Solitary
bees are a group of species including generalist (polylectic) species and obligate specialist
(oligolectic) species. These bee species are more actively specialised than wasps. Solitary
bees mostly have flight periods of around six weeks (Westrich 1990) with a high coinci-
dence of flight time and flower phenology of preferred food plants, particularly the oligolec-
tic species. Bumblebees and honeybees are social insects that have to provide a nest with
nectar and pollen during a whole season, and therefore must forage on many plant
species.
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Butterflies mostly occurred in low abundances and had a low mean linkage level which
was as high as that of solitary bees (1.17), whereas the total linkage level of butterflies
(14.4) is two times larger than that of solitary bees (6.9). Therefore it is likely that the but-
terflies' low linkage level can be explained by their low abundance: butterflies were
observed in very low numbers within censuses, explaining a low linkage level. However,
the total linkage level is based on the number of interactions of all individuals during the
research period, and therefore gives a better estimate than the mean linkage level. The
other species with low linkage levels (ants, wasps) are likely to be passive specialists: they
simply cannot reach certain flowers, or they only visit flowers occasionally as they also use
other food sources. Similarly, there are plant species with flower types that are accessible
to all insects (like umbels) and others that are limiting the number of possible visitors, e.g.
because they are too deep (like tube and several gullet flowers) or have to be forced open
(like the flag-type flowers of the Fabacae).

Conclusions
We have shown that differences in species richness do affect connectance and linkage
levels of plant-flower-visitor communities. This is similar to what was observed across geo-
graphical ranges and at larger temporal scales, but contrary to many of these, the effects
differ between plants and flower visiting insects. We have also shown that the effects vary
in strength and direction between taxonomical and functional groups of plants and insects.
Because pollination of plants will depend on community interactions, a decrease in
species richness may have negative consequences for pollination. Experimental research is
needed to elucidate this for individual plant species.
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