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INTRODUCTION

Pollinationis a

critical

Abstract—Plants can be pollinated in many ways, with insect, wind and selfing as
the most common modes. While it seems likely that the occurrence of pollination
modes is correlated with environmental conditions, e.g. vegetation structure, and
this remains uncertain. Here, we mapped the composition of pollination modes of
different plant groups (woody species, herbs, and grasses) across (semi-)natural
habitats and their distributions in relation to 3D vegetation structure in the
Netherlands. We found insect pollination is the most common mode across (semi-
)natural habitats for woody species and herbs. Woody species pollinated by insects
showed an even higher percentage in dune, river swamp and swamp peat than in
other habitat types, whereas herbs showed a higher percentage of insect
pollination in dune than in other habitat types. Grasses were always pollinated by
wind or wind-self in all habitats. Woody plants pollinated by wind showed a positive
relationship with canopy densities in three different strata from 2 to 20 m
vegetation, while insect pollination showed a positive relationship with the canopy
density of 0.5 to 2 m vegetation. All grass presented negative relationships with
canopy density. Herbs showed different relationships with canopy densities of
different strata dependent on pollination modes. Insect-pollinated species
increased with canopy densities of low strata but decreased with canopy density
of high strata, whereas wind-pollinated species decreased with canopy density of
both low and high strata. We conclude that habitat and vegetation structure are
important factors driving the distribution of pollination modes.

Keywords—pPollination mode, Vascular plants, (Semi-)natural habitats, Vegetation
structure, Growth form, Spatial distribution

insect pollination, wind pollination is still essential
for the reproduction of approximately 12% plants

event in the (Ollerton et al. 2011; Rodger et al. 2021). In

reproduction of flowering plants (Shivanna &
Tandon 2014). Insect pollination (allogamy), wind
pollination (allogamy) and self pollination
(autogamy) account for the majority of plant
species in temperate areas (Kiithn et al. 2006). The
importance of animal pollination for plant species
is well documented, particularly regarding insect
pollinations (Ollerton et al. 2011; Briggs et al. 2019),
while the importance of wind and self pollination
are less reported. Although, at the global scale,
most flowering plants (around 80%) depend on
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addition, most insect or wind-pollinated plants are
also auto-fertile (potentially self-pollinated), and
9% flowering plants are mainly auto-fertility
(Rodger et al. 2021). However, it is not clear
whether this pattern of occurrence in pollination
modes (insect >> wind > self) is consistent across
different semi-natural habitats at the local scale.
We hypothesize that the occurrence of pollination
modes varies across semi-natural habitats, because
they also differ in their use intensity, their biotic
and abiotic conditions (Culley et al. 2002; Kiithn et
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al. 2006; Rech et al. 2016). In addition, differences
in pollinator abundance and diversity between
habitats may affect the occurrence of pollination
modes (Taki et al. 2011; Winfree et al. 2011).

Until now, many studies have shown that
environmental conditions, including temperature,
wind speed, humidity and precipitation, influence
the spatial patterns in pollination modes. For
example, the occurrence of insect and wind
pollination varies with proportions of distinct
habitat types (Kithn et al. 2006), temperature,
precipitation and plant richness (Kiihn et al. 2006;
Hoiss et al. 2012; Rech et al. 2016). Self pollination
is considered to provide reproductive assurance
(Schoen et al. 1996; Kalisz et al. 2004; Rech et al.
2018), particularly in poor environments (e.g.
pollinators or mates are absent; Baker 1955).

Furthermore, the effect of 3D vegetation
structure, which means the canopy densities of
different vegetation strata, is likely to be an
important factor driving the variation in richness
of pollination modes in different communities.
Although some studies suggest vegetation
structure (openness of a habitat) might be an
important driver (Culley et al. 2002; Kiihn et al.
2006; Varassin & Sazima 2012; Rech et al. 2016), it
remains unclear how the occurrence of pollination
modes changes with the density of vegetation.

Vegetation structure is suggested to be highly
influential for insect pollinator diversity (Aguirre-
Gutiérrez et al. 2017) due to the different
microclimatic conditions it can represent, e.g.
temperature, light and moisture (Luskin & Potts
2011; Varassin & Sazima 2012; Frenne et al. 2013).
In addition, vegetation structure may affect the
availability of nesting and feeding resources of
pollinators (Grundel et al. 2010; Berg et al. 2011;
Montero-Castafio & Vila 2012; Varassin & Sazima
2012). It is unclear to what extent vegetation
structure may be a more important explanatory
factor to understand the richness of pollination
modes than habitat classifications. However,
pollination modes are non-randomly distributed
among plant growth forms and types. Grasses are
only wind-pollinated, whereas the frequency of
insect and wind pollination among woody species
and herbs may also be different. This in turn may
determine the relationship with habitat type and
vegetation structure, with wind pollination more
effective in open, windy habitats and insect

pollination more effective in insect-rich areas
(Rech et al. 2016).

In this study, we address two questions: (i)
What is the distribution of the composition of
insect, wind and self pollination across Dutch
(semi-)natural habitats, and whether this
distribution varies between woody plants, grasses
and herbs? We expect a higher proportion of insect
pollination in open habitats while a higher
proportion of wind pollination in grassland and
forested habitats. (ii) Is there a correlation between
3D vegetation structure and the occurrence of each
pollination mode within (semi-)natural habitats,
and does this vary for woody plants, grasses, and
herbs? We expect that the richness of insect-
pollinated plants will increases with herb layers
while wind-pollinated species will either increase
with grassland or forest habitats, and these
relationships may vary between woody plants,
grasses and herbs. Finally, we assessed the
interaction between habitat type and 3D
vegetation as determinants of pollination mode
occurrence.

MATERIALS AND METHODS

HABITAT TYPES

To derive a complete national dataset from
which habitat types could be obtained, we
extracted 175 different habitat types at the country
scale from three national sources: Informatiemodel
natuurbeheer (Inter Provinciaal Overleg 2016),
basisregistratie ~ gewaspercelen ~ (Ministerie van
Economische Zaken (EZK) 2015), and bestand
bodemgebruik (Centraal Bureau voor de Statistiek
(CBS) 2012) using ESRI ArcGIS Desktop 10.2
(https://desktop.arcgis.com/en/). These 175 classes
were aggregated into 15 habitat types, within
which 7 are natural or semi-natural habitats, at a

resolution of 10 x 10 m. However, as most
vegetation plots were sampled in natural or semi-
natural areas, we retained plots in 7 natural and
semi-natural habitat types to further compare the
distribution of plants pollinated by three different
modes. The following habitats are included in this
study: Dune (coastal dune habitats), Heather
(heathlands with shrubs and woody elements
managed as nature but often through sheep
grazing), River swamp (swamps and marshlands
along the rivers and streams, mosaic of open and
woody elements), Semi-natural forest (forests with
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primarily nature function), Semi-natural grassland
(grasslands with primarily nature function but
often managed extensively through grazing),
Swamp peat (marshes and swamps in both peaty
inland areas and brackish coastal areas) and
Production forest (forests with both a production
and nature function). The data of habitat types was
rescaled to 100 x 100 m, and only grid cells with
100% of a single habitat type were kept to make
sure habitat types precisely matched the
vegetation plots.

VEGETATION STRUCTURE DATA

LIDAR data were wused to analyse the
vegetation structure across the Netherlands. We
used four different strata of vegetation heights
(0.5-2, 2-5, 5-10 and 10-20 m) and calculated the
canopy density of each stratum in each grid cell
with 100 x 100 resolution. It means a grid cell with
dense forests will have a high value in the 10-20 m
category and probably in the 5-10 m as well and
may have low values in the 0.5-2 m layer
representing the herb and shrub layers. The data
was calculated from nationwide LIDAR data in the
Netherlands (http://www.ahn.nl) collected from
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2007 to 2012. For a full description of the vegetation
structure calculation, see (Aguirre-Gutiérrez et al.
2017).

PLANT COMMUNITY DATA

We obtained vegetation plot data representing
vascular plant species composition across the
Netherlands from 2010-2017 to match with the
habitat and vegetation structure data. The
vegetation data originate from the Dutch
Vegetation Database (Hennekens 2018). Following
Vecefa (Vecefa et al. 2021), plots without
georeferenced information or without sample size
(i.e. the size of each sampled plot) or sample size <
1 m? or > 1,000 m? were excluded from this study.
Based on these criteria, the dataset comprised 1,249
native species in 53,011 plots located in 33,289 grid
cells with 1 ha area. These plots were assigned to
grid cells of 100 m? to match with the habitat and
vegetation structure data. The final filtered
dataset, matched with the habitat types and
vegetation structure data, contained 904 species in
11,937 georeferenced plots with sample sizes
ranging from 1 to 1,000 m? (Fig. 1). These ranges
reflect the sample sizes traditionally used

N
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Figure1. The distribution of 11,937 plots with coordinates and sample sizes between 1-1000 m? and matched with the habitat

types map. Map projection: EPSG:28992, Amersfoort /| RD New.
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by the European phytosociology (Westhoff et al.
1978) to capture plant species in ecosystems from
grassland to forest, and the datasets have been
used in other studies (Hammerle et al. 2018; Vecera
et al. 2021).

POLLINATION MODES AND GROWTH FORMS

Data of pollination modes were collected from
Biobase (CSB 2003), which includes pollination
modes of all Dutch vascular plants. Pollination
modes were classified into insect pollination, wind
pollination and self-pollination, and all plants
were adapted to a binary classification in
consideration of each of three pollination modes
(Tablel). Further, specialization in pollination
mode (named specialized insect pollination,
specialized wind pollination and specialized self
pollination) was assigned to plants that exhibit
only one pollination mode. Pollination modes
were attributed to every plant species observed in
each plot. However, pollination modes are non-
randomly distributed among plant growth forms
and types. Grasses are only wind-pollinated,
whereas the frequency of insect and wind
pollination among woody species and herbs may
also be different. This in turn may determine the
relationship with habitat type and vegetation
structure. Moreover, the effectiveness of
pollination also depends on the type of plant. A
woody plant species pollinated by wind is less
likely to be affected by the cover of upper
vegetation layer in a habitat, whereas for a herb or
grass, wind pollination may be hampered by high
vegetation surrounding it. Thus, we obtained data
of growth forms, which includes herbs, grasses
(grasses here refer to all grass-like plants in the
families Poaceae (grasses), Juncaceae (rushes) and
Cyperaceae (sedges)) and woody species, from
Biobase (CSB 2003). The numbers of plant species
pollinated by different modes in different growth
form groups were in Table 1.

PERCENTAGE OF SPECIES WITH DIFFERENT POLLINATION MODES
IN ALL GRID CELLSAND 7 (SEMI-)NATURAL HABITATS

In each grid cell, we first calculated the number
of species pollinated by different modes in each
plot within the grid cell. Second, since there might
be more than one plot in each grid cell, we
calculated the average number of species
pollinated by different modes based on all plots in
each grid cell. Third, averaged richness of species
pollinated by different pollination modes were
calculated based on richness of different
pollination modes in all grid cells in each habitat
type. The Euclidean distances between habitats
were calculated by functions of acomp and dist
from package compositions (version 2.0-1) (van den
Boogaart & Tolosana-Delgado 2008) and hclust
function with the ward.D2 method was used to get
clusters of seven habitat types by the package stats
(version 4.1.2) (R Core Team 2013). Since there are
only 3 pollination modes, within which either
wind or self pollination counted a lower
proportion than the other two pollination modes in
all habitat types, the maximum number of clusters
was limited to 3 (i.e. the proportion of animal
pollination = the proportion of wind pollination or
self pollination, the proportion of animal
pollination > the proportion of wind pollination or
self pollination, the proportion of animal
pollination < the proportion of wind pollination or
self pollination). The number of clusters were
obtained based on three criteria: (1) if (the
minimum proportion of animal pollination - the
maximum proportion of wind pollination or self
pollination) > 0.5), we only kept 1 cluster, (2) if -0.5
<= (the minimum proportion of animal pollination
- the maximum proportion of wind or self
pollination) <= 0.5, we kept 2 clusters, (3) if -0.5
<(the minimum proportion of animal pollination -
the maximum proportion of wind or self
pollination), we kept 2 clusters, we kept 3 clusters.

Table1.  The number of species with different pollination modes and growth forms.

Pollination_mode Herb Grass Woody (Tree/Shrub)
Insect 526 0 79 (17/62)

Wind 66 173 48 (4117)

Self 387 7 23 (3/20)
Specialized insect 159 0 51(10/41)
Specialized wind 22 166 42 (37/5)
Specialized self 14 0 0
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A ternary plot (Hamilton & Ferry 2018) was used
to compare which species group accounts for a
higher percentage in each grid cell and habitat

type.

DRIVERS OF 3D VEGETATION STRUCTURE ON THE DIVERSITY OF
SPECIES POLLINATED BY DIFFERENT MODES

We assessed bivariate correlations among four
variables of vegetation structure (canopy densities
of 0.5-2, 2-5, 5-10 and 10-20 m vegetation strata)
and found none of them with high correlations
(Pearson's  correlation  coefficients >1.71,
(Dormann et al. 2013)). We further assessed
multivariate correlations among predictors using
VIFs (Variance inflation factors). We interpret our
results using a conventional cutoff for VIF of 10.0.
Finally, four variables were included in the final
set of variables used during the modelling step.

We used a generalized linear mixed model with
a poisson distribution to assess whether and how
3D vegetation structure drives the diversity of
species pollinated by different pollination modes
at a landscape level. Canopy densities of 0.5-2, 2-5,
5-10 and 10-20 m vegetation strata were taken as
fixed effects. Since more than one plot may fall in
the same 100 x 100 m grid cell and vegetation plots
in our datasets were of different sizes, we used grid
cell identity and sample size as random factors. All
analyses were conducted in R (version 4.1.0) (R
Core Team 2013) with the package glmmTMB
(version 1.1.2.2) (Magnusson et al. 2017; Brooks et
al. 2017).

We compared the importance of vegetation
structure on driving the occurrence of pollination
modes to habitat type to make this study
comparable to peer-reviewed papers emphasizing
the effect of habitat (e.g. (Kiihn et al. 2006)). Since
we only want to know the influential effects of
vegetation structure and habitat on the richness of
all plants pollinated by different modes in a
community, analysis was conducted based on all
plants instead of different plant types. We first
constructed a full generalized linear mixed model
(m1) with a poisson distribution. This model
includes habitat type (a categorical variable
including dune, heather, semi-natural grassland,
river swamp, swamp peat, semi-natural forest and
production forest) and four vegetation structure
variables (canopy densities of 0.5-2, 2-5, 5-10 and
10-20 m vegetation strata) as fixed effects.
Interactions between habitat type and vegetation
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structure were included. Grid cell identity and
sample size were maintained as random effects.
Second, we constructed three other generalized
linear mixed models by excluding interactions
between habitat and vegetation structure (m2),
removing canopy densities of four vegetation
strata (m3) and habitat type (m4) from the full
model each time, and each of these three models
was compared to the full model (m1) by ANOVA.
A model with a significantly larger AIC (Akaike
information criterion) value than the full mode
(m1) means the excluded interaction or removed
variable is significantly important.

RESULTS

DISTRIBUTION OF POLLINATION MODES COMPOSITION ACROSS
DUTCH (SEMI-)NATURAL HABITATS

Across all (semi-)natural habitats in the
Netherlands, insect-pollinated species (35%) and
wind-pollinated species (38%) were more common
than self-pollinated species (27%) (Appendix
IV). Wind-pollinated species were more common
in heather (49%) and production forest (43%) (Fig.
2A). Insect-pollinated species were more common
in dune (40%) and river swamp (42%) (Fig. 2A).
There was much variation between the different
plots within habitat types (Appendix V A). For
plants specially pollinated by one mode, wind
pollination was most common in all habitats
(Appendix VI A, Appendix VII A).

When splitting plants into different groups of
growth type, insect pollination was the most
common pollination mode across (semi-)natural
habitats for woody species and herbs (Fig. 2B-C,
Appendix V B-C). However, the insect pollination
of woody species in dune, river swamp and
swamp peat were more common than in other
habitat types, whereas insect pollination of herbs
in dunes was more common than in other habitats.
Wind pollination was the most common
pollination mode across (semi-)natural habitats for
grasses (Fig. 2D, Appendix V D).

THE DISTRIBUTION OF POLLINATION MODES RELATED TO 3D
VEGETATION STRUCTURE

In our final generalized linear mixed mode with
904 plant species, we included canopy densities of
4 vegetation strata as fixed effects. Grid identity
and sample sizes were taken as random effects.
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Our model showed that of 904 plant species,
insect and self-pollinated species showed similar
patterns and increased with denser herb and shrub
(strata < 5 m) layers (Fig. 3A, Appendix VIII),
whereas they decreased if the canopy density of
high strata (> 5 m) increased. Wind-pollinated
plants, on the other hand, decreased with denser
canopy of low strata. Specialized insect-pollinated
plants also increased with canopy density of low
vegetation strata (< 5 m) but decreased with
canopy density of high vegetation strata (Fig. 3B,
Appendix XII).

For woody species, only wind-pollinated plants
decreased with denser vegetation canopy of low
strata (< 2 m height) (Fig. 4A, Appendix IX).
Grasses, no matter if they are wind or self-
pollinated, decreased with denser canopy density
(Fig. 4E, Appendix X). For herbs, insect and self-
pollinated species showed similar patterns. Both
decreased with denser vegetation layers between 5
and 20 m (Fig. 4C, Appendix XI), whereas insect-
pollinated plants increased with canopy density of
low strata (< 5 m). Wind-pollinated herbs
decreased with denser 0.5-2 m and 10-20 m
vegetation.

Woody plants only had two specialized
pollination modes (i.e. insect and wind) (Fig. 4B,

Self Insect [y

w © ® Self can be found in Appendix I.

Appendix XIII). Insect-pollinated woody plants
increased with denser canopy of low strata (<5 m)
but decreased with denser tree layer (> 10 m). In
contrast, wind-pollinated plants increased with
canopy density of strata above 2 m but decreased
with canopy density of strata below 2 m. Wind
pollination was the only specialized pollination
mode of grasses (Fig. 4F, Appendix XIV), which
decreased with the canopy density of high strata (>
5 m). Although there were three specialized
pollination modes of herbs (Fig. 4D, Appendix
XV), only insect-pollinated species
significant patterns. Those species increased with
canopy density of strata from 2 to 5 m but
decreased with denser canopies of other
vegetation strata.

showed

When comparing the influence of vegetation
structure on the occurrence of pollination mode to
habitat type, we found that although habitat type
was more important than vegetation structure,
both had a strong influence on the occurrence of
the different pollination modes and that their
relationship was not independent since removing
either of habitat or vegetation structure or their
interactions will make the AIC value higher (Table
2, Appendix XVI- XVII).
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Model coefficients from the generalized linear mixed model (GLMM) of species richness in relation to canopy

densities of four vegetation strata. Analysis was conducted within (A) three groups of insect pollination, wind pollination and
self pollination and (B) three groups of specialized insect pollination, specialized wind pollination and specialized self
pollination. o5to2m means the canopy density of 0.5-2 m vegetation strata. 2to5m means the canopy density of 2-5 m vegetation
strata. 5to1om means the canopy density of 5-10 m vegetation strata. 10to20m means the canopy density of 10-20 m vegetation
strata. Y axes indicate coefficients of predictors, which are also listed in Appendix II.

DISCUSSION

THE DISTRIBUTION OF POLLINATION MODES COMPOSITION
ACROSS DUTCH (SEMI-)NATURAL HABITATS

The pattern of pollination modes over the
whole Netherlands is different from that found in
Germany (Kiihn et al. 2006), where less wind and
self pollination were found. More wind-pollinated
plants in the Netherlands might be due to flatter
landscapes as indicated in previous studies (Kithn
et al. 2006; Rech et al. 2016). However, the finer
scale used in our study may also explain part of the
difference.

We further detected different distributions of
three pollination modes in seven (semi-)natural
habitat types, and the distributions were different
between woody plants, herbs and grasses. Insect
pollination is more common in dunes and river
swamp habitats, while wind pollination is more
common in open heathland, probably because of
the high proportion of grasses, and production
forest, which is less diverse in plants and insect
pollinators than semi-natural forest (Aubin et al.
2008; Taki et al. 2011). Our study supports the
hypothesis of Rech et al. (2016) that higher plant

diversity in a habitat contributes to higher insect
pollination, as the Dutch dunes and river swamps
have more plant species, while heathland and
forest are often dominated by (dwarf) shrubs and
trees. Fewer insect pollinators may contribute to a
failure of insect pollination in forests (Winfree et al.
2011; Hanula et al. 2016).

Within plant types, pollination modes showed
different distributions among habitats. Woody
species largely mirrored the pattern of all plants
with insect pollination being more common in
dunes and river swamp, but also in swamp peat
habitats. Most woody species in these habitats are
shrubs, which are insect-pollinated, whereas the
main big trees in production forest (and semi-
natural forest) tend to be wind-pollinated (Regal
1982). Grasses are a main feature of semi-natural
grassland and heathland and are wind-pollinated.
This may explain the higher frequency of wind
pollination in these habitats compared to dunes,
river swamp and swamp peat. Herbs show quite
different patterns compared to all plants. Insect
pollination is the most common pollination mode
of herbs all (semi-)natural habitats,
particularly in dunes.

across
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Figure 4. Model coefficients from the generalized linear mixed model (GLMM) of species richness in relation to canopy
densities of four vegetation strata. A-B, for woody species with analysis conducted (A) within three groups of insect pollination,
wind pollination and self pollination and (B) within three groups of specialized insect pollination, specialized wind pollination
and specialized self pollination. C-D, for herbs with analysis conducted (C) within three groups of insect pollination, wind
pollination and self pollination and (D) within three groups of specialized insect pollination, specialized wind pollination and
specialized self pollination. E-F, for grasses with analysis conducted (E) within three groups of insect pollination, wind
pollination and self pollination and (F) within three groups of specialized insect pollination, specialized wind pollination and
specialized self pollination. 05to2m means the canopy density of 0.5-2 m vegetation strata. 2to5m means the canopy density of
2-5 m vegetation strata. 5to10m means the canopy density of 5-10 m vegetation strata. 10to20m means the canopy density of 10-
20 m vegetation strata. Y axes indicate coefficients of predictors, which are also listed in Appendix II.
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Table2. Comparisons between each individual model (m2-m4) and the full model (m1). m1: richness ~ canopy densities of 0.5-
2 m vegetation * habitat type + canopy densities of 2-5 m vegetation * habitat type + canopy densities of 5-10 m vegetation *
habitat type + canopy densities of 10-20 m vegetation * habitat type. m2: richness ~ canopy densities of 0.5-2 m vegetation +
canopy densities of 2-5 m vegetation + canopy densities of 5-10 m vegetation + canopy densities of 10-20 m vegetation + habitat
type. m3: richness ~ habitat type. m4: richness ~ canopy densities of 0.5-2 m vegetation + canopy densities of 2-5 m vegetation +
canopy densities of 5-10 m vegetation + canopy densities of 10-20 m vegetation.

Specialized Pollination mode Model AlC P.value Significance
(compare to m1)

Insect m1 61097.08 - *
Insect m2 61171.36 0 *
Insect m3 61279.10 0 *
- Insect m4 62543.69 0 *
Self m1 55183.43 - *
- Self m2 55243.16 0 *
Self m3 55323.67 0 *
Self m4 56447.58 o] *
- Wind m1 56167.93 - *
- Wind m2 56273.08 0 *
Wind m3 56289.06 0 *
Wind m4 57366.12 0 *
Specialized Insect m1 26532.72 - *
Specialized Insect m2 26533.91 0.002 *
Specialized Insect m3 26627.18 0 *
Specialized Insect m4 26664.11 o] *
Specialized Self m1 2687.69 -
Specialized Self m2 2640.07 1
Specialized Self m3 2633.05 1
Specialized Self m4 2629.68 1
Specialized Wind m1 51872.57 - *
Specialized Wind m2 51928.90 0 *
Specialized Wind m3 51934.45 0 *

Specialized Wind m4 52878.98 0 *
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3D VEGETATION STRUCTURE IS CORRELATED WITH THE
OCCURRENCE OF POLLINATION MODES

According to previously published studies,
pollination mode can be explained by wind speed,
temperature, humidity, precipitation, plant
richness and openness of habitats. In this study, we
found that plants using insect pollination
increased with denser vegetation in low strata and
decreased with denser vegetation in high strata.
This is in line with previous findings. For example,
dense canopies in high strata may cause a lower
temperature underneath, which decreases nectar
production by understory plants and affects
pollinator foraging (Polatto et al. 2014; Hanula et
al. 2016; Rech et al. 2016) and limits pollinator
flight ability and activity (Hodkinson 2005). In fact,
forest understories are often poor in plant species
(Rech et al. 2016).

Wind pollination decreased with increasing
canopy density in the 0.5-2 m vegetation stratum,
probably because wind-pollinated species benefit
from more open vegetation for pollen dispersal
(Culley et al. 2002; see also Kiihn et al. 2006; Rech
etal. 2016). Rech et al. (2016) hypothesize that wind
pollination is facilitated by open vegetation as
denser vegetation in high strata might
mechanically restrict pollen dispersal.

We found that woody species, herbs and
grasses differ in their correlation with 3D
vegetation structure. Compared to all plants,
woody species pollinated by wind have positive
correlations with canopy densities of 2-20 m
vegetation. Most of these species are trees, for
which wind pollination is less affected by
surrounding vegetation. This result is different
from (Rech et al. 2016), where wind pollination is
more frequent in open fields probably due to more
diverse species composition in lower latitude.
Insect pollination only increased with canopy
density of 0.5-2 m vegetation, which reflects
mostly shrubs common in relatively open habitats.
However, occurrences of plants that are obligate
insect-pollinated increased with canopy density of
2-5 m vegetation but decreased with canopy
density of 10-20 m vegetation, probably due to
lower abundance and diversity of insect
pollinators in forested areas and better wind
pollination conditions in opener habitats. Grasses
decreased with canopy density of 5-20 m
vegetation, probably (as argued above) due to

lower effectiveness of wind pollination (the main
pollination mode of grasses) in forests (Culley et al.
2002; Davis et al. 2004; Saunders 2018). Similarly,
wind-pollinated herbs also showed negative
relationships with canopy densities of both low
and high strata, probably because of surrounding
shrubs and trees limiting wind pollination.
Compared to all plants, herbs pollinated by insects
did not show a significant response to the canopy
density of 0.5-2 meters. Furthermore, strict insect
pollination decreased with the canopy density of
0.5-2 meters probably because too open habitats
are suitable for wind pollination instead of insect
pollination (Culley et al. 2002).

THE IMPORTANCE OF VEGETATION STRUCTURE ON DRIVING THE
OCCURRENCE OF POLLINATION MODES COMPARED TO HABITAT
TYPE

Overall, we found that insect pollination occurs
more frequently in habitats covered by herbs or
shrubs than in habitats with dense tree layers.
These habitats are often related to dune, river
swamp and swamp peat (Appendix III, Appendix
XVIII). However, swamp peat has few insect-
pollinated species. It means other environmental
conditions, e.g. temperature, moisture, light,
feeding resources in different habitats are also
important factors driving the richness of different
pollination modes (Regal 1982; Culley et al. 2002).
However, the occurrence of wind pollination in
habitats largely depends on different plant types.
More wind-pollinated trees occur in habitats with
a higher proportion of tree layers, which are
corresponding to diverse wind-pollinated species
in production forest or semi-natural forest, while
grasses occur in open habitats. Our results also
showed that although habitat type is important,
which was also shown by Kiihn et al. (2006), both
habitat and vegetation structure are important
factors driving the occurrence of different
pollination modes and they are not independent.
We suggest future studies identifying the effect of
land use on pollination mode should not only
focus on habitat type, but also vegetation structure
and its interactions with habitat type.

CONCLUSION

We show that compositions of pollination
modes are different across (semi-)natural habitats.
In conclusion, insect pollination is more common
in opener habitats, while wind pollination is more
common in forested habitats. Within open
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habitats, wind pollination is more common in
habitats with a higher proportion of grasses. This
pattern is slightly different for woody species,
herbs and grasses due to different dominating
modes for each plant group. For each pollination
mode, its occurrence is related to vegetation
structure. More insect pollination occurs in
habitats covered by herbs or shrubs but not by
large trees, whereas the occurrence of wind
pollination in habitats with different vegetation
structures depends on plant types. More wind-
pollinated trees occur in habitats with denser
upper layer trees, but grasses are more likely to
occur in open habitats. For woody and herb
species, specialized insect-pollination has a
different response to vegetation structure
compared to insect-pollination due to its high
dependence on pollinators. Our study reveals that
3D vegetation structure might affect plant richness
by affecting pollination modes. Thus, the
conservation and management of plant species
richness may actually require a different focus
depending on pollination modes.
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APPENDICES

Additional supporting information may be found in the
online version of this article:

Appendix I. The average number of species in each habitat
type.
Appendix Il. Estimates from GLMMs.

Appendix Ill. Canopy densities of four vegetation strata in
each habitat type.

Appendix V. Percentages of species with different
pollination modes in each of seven habitat types.

Appendix V. Percentages of species with different
pollination modes in all grid cells for (A) all plants, (B)
woody species, (C) herbs and (D) grasses.

Appendix VI. Percentages of species with different
specialized pollination modes in each of seven habitat
types for (A) all plants, (B) woody species, (C) herbs and
(D) grasses.

Appendix VII. Percentages of species with different
specialized pollination modes in all grid cells for (A) all
plants, (B) woody species, (C) herbs and (D) grasses.
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Appendix VIII. Responses of richness of all plants with
different pollination modes to vegetation structure.

Appendix IX. Responses of richness of woody plants with
different pollination modes to vegetation structure.

Appendix X. Responses of richness of grasses with
different pollination modes to vegetation structure.

Appendix XI. Responses of richness of herbs with different
pollination modes to vegetation structure.

Appendix Xll. Responses of richness of all plants with
different specialized pollination modes to vegetation
structure.

Appendix Xlll. Responses of richness of woody plants with
different specialized pollination modes to vegetation
structure.

Appendix XIV. Responses of richness of grasses with
different specialized pollination modes to vegetation
structure.

Appendix XV. Responses of richness of herbs with different
specialized pollination modes to vegetation structure.

Appendix XVI. Responses of richness of plants with
different pollination modes to each variable in the full
mode.

Appendix XVII. Responses of richness of plants with
different specialized pollination modes to each variable in
the full mode.
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