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Global biodiversity decline 

Biodiversity can be defined as life on earth, which ranges from different kinds of animals, 

plants, fungi, and microorganisms to habitats, ecosystems and whole biomes (The 

convention on biological diversity, 1992). Sustaining biodiversity is very important as it 

keeps ecosystems stable, supplies humans with basic needs (food, fuel, shelter, medicine 

and some other goods), provides regulating services (e.g. pollination, seed dispersal, 

climate regulation, and control of agricultural pests), delivers supporting services (e.g. 

water purification and nutrient cycling) and maintains cultural values such as spiritual or 

religious service (Balvanera et al., 2014; Mi et al., 2021). However, many wild species are 

in decline and many are on the brink of extinction due to Anthropogenic causes. The 

present epoch, the Anthropocene, is often referred to as the sixth mass extinction in Earth’s 

history (Barnosky et al., 2011; Ceballos et al., 2015; Isbell et al., 2017; Johnson et al., 

2017). According to the Living Planet Report (Living Planet Report, 2020) the world has 

seen a 68% drop in mammal, bird, fish, reptile, and amphibian populations since 1970. 

The Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 

Services(IPBES) also reported that up to one million plant and animal species are facing 

extinction, and many within the next decades (IPBES, 2019, 2020). We are exhausting 

biodiversity on the planet at a far greater rate than it can replenish itself (Rockström et al., 

2009), and it has been commonly acknowledged that humanity is ultimately responsible 

for biodiversity loss, which causes the decrease of ecosystem services provided by nature 

and threatens sustainable human development (Johnson et al., 2017; IPBES, 2019, 2020). 

 

Biotic and abiotic factors driving plant diversity dynamics 

Plant communities are the prime members and among the most important structural 

components of terrestrial ecosystems (Giam et al., 2010; Antonelli et al., 2019; Living 

Planet Report, 2020). They control numerous ecological processes and provide 

fundamental support for a wide variety of organisms on Earth. Therefore, the threats faced 

by a plant community affects in turn the entire ecosystem. Given the importance of plant 

species in our ecosystems, we should focus attention on their recognition, monitoring and 

protection. However, plant species’ status and temporal trends remain poorly understood 

compared to studies focusing on vertebrates (Betts et al., 2017). For example, 

approximately 50% of the world’s plant species are lacking distribution data, while the 

distribution of most vertebrates is known (Pelletier et al., 2018; IUCN, 2020).   

It is estimated that nowadays ~300.000 vascular plant species exist on Earth. However, 

only 10% of species’ status and trends have been assessed by the International Union for 

Conservation of Nature (IUCN) (Bachman et al., 2019), which makes it difficult to take 

effective actions to conserve the remaining 90% of species. Of the 10% of assessed species, 

almost 22% are threatened with extinction (Brummitt et al., 2015). According to another 

report released by Kew Gardens in 2020, the percentage of plants that are threatened with 

extinction is 39.4%, which is higher than the rate estimated in 2016 (State of the World's 

Plants and Fungi, 2016, 2020). The number of plant species already extinct is twice the 

sum of extinct mammals, birds and amphibians (Humphreys et al., 2019).  

The loss and fragmentation of natural habitats, climate change and nitrogen deposition are 

identified as three of the most important drivers of global environment change, and they 

are predicted to cause more effects on plant biodiversity in this century (Sala et al., 2000). 

These factors act additively or synergistically to affect biodiversity (Brook et al., 2008; 
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Cusack et al., 2016; Schulte To Bühne et al., 2021) and lead to changes in species 

abundances (Bowler et al., 2017; Northrup et al., 2019), species richness and diversity 

(Simkin et al., 2016; Hof et al., 2018; Di Marco et al., 2019; Peters et al., 2019), 

geographical distribution (Root et al., 2003; Chen et al., 2011; Barbet‐Massin et al., 2012) 

and species occurrence (Wamelink et al., 2020). 

Among the multiple drivers of contemporary extinctions, natural habitat loss is considered 

to be the most important (Sala et al., 2000). A large body of work exists detailing how 

biodiversity changes in response to changes in natural land cover and degradation of the 

environment. For example, the amount of natural land cover positively correlates with 

pollinator richness and abundance (Cusser et al., 2016), plant richness (Blaser et al., 2018), 

as well as mammals and birds (Mendenhall et al., 2016). Other studies show a unimodal 

relationship with highest species richness in areas with intermediate cover of natural 

habitats (birds: Desrochers et al., 2011 and plants: Bascompte and Rodriguez, 2001). All 

of these studies show that a relatively high natural land cover is important for sustaining 

biodiversity. However, the importance of natural land cover for plant diversity remains 

unclear.  

Another biotic factor that affects plant species richness are structural aspects of the 

vegetation structure itself (e.g. canopy density in a forest) but few studies take this into 

consideration when quantifying the effect of land-use on plant diversity. Recent studies 

show that vegetation structure might be an important environmental factor driving plant 

occurrence by interacting with the other factors. For example, forest canopy interception 

of nitrogen compounds mitigates its negative effect on under-forest ecosystems (Liu et al., 

2020). Another example is that vegetation structure modulates the microclimate under the 

canopy and influences the impact of climate change on plants (Frenne et al., 2013). 

However, how and to what extent vegetation structure mitigates the effect of other 

environmental factors requires more cross-site assessments at local scales. 

Plants are well-connected in ecological networks. They regularly establish relationships 

with fungi and their dispersal and pollination often depends on animals. One of the most 

critical relationships of plants is the plant-pollinator interaction (Potts et al., 2016). 

Pollinator dependent plants consist of most of the plant biodiversity of the world and 

provide humans with over 35% of the most critical crops (Ollerton et al., 2011; Huang et 

al., 2021; Tscharntke, 2021; Dicks et al., 2021; Wei et al., 2021). However, some studies 

have reported an alarming decline in pollinators at either national and regional scales 

(Biesmeijer et al., 2006; Hallmann et al., 2021; Warren et al., 2021). This has raised our 

concern for insect-plant interactions and insect-pollinated plant conservation. However, it 

remains unknown whether and to what extent insect-pollinated species have declined in 

our ecosystems at the community level. Understanding how and how quickly natural 

communities change is an important task in ecology. Accurate baseline knowledge is 

needed to take appropriate action to mitigate future changes. 

 

Plant species conservations 

Many efforts have been made to deal with the crisis of biodiversity loss. One of the greatest 

efforts has been to establish protected areas, which aim at conserving species in situ. 

Increasingly, protected areas are expected to protect biodiversity and secure ecosystem 

services (Watson et al., 2014; Xu et al., 2017). Protected areas are described as ‘clearly 

defined areas that are recognized, dedicated and managed to achieve long-term 
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conservation of nature’ (Dudley, 2008). Several studies show that well-managed protected 

areas reduce rates of habitat loss (the chief threat to biodiversity) in both terrestrial (Joppa 

and Pfaff, 2010; Geldmann et al., 2013) and marine (Micheli and Niccolini, 2013; Edgar 

et al., 2014) environments. Some strong evidence also indicates that protected areas 

maintain species’ population levels (including threatened species) better than other 

management approaches (Geldmann et al., 2013; Sheehan et al., 2013; Sciberras et al., 

2013. At present, the proportion of protected areas accounts for 15% of the global 

terrestrial surface (Stokstad, 2020). To stop and even reverse biodiversity loss, more 

ambitious targets have been set, including proposals for post-2020 protected area targets 

of 30% of the planet by 2030 (Dinerstein et al., 2019) and calls for protection of half the 

terrestrial biosphere by 2050 (Locke, 2013; Dinerstein et al., 2017; Watson and Venter, 

2017). However, with ongoing global threats like climate change, increases in N 

deposition and conflict between habitat conservation, food provision and other land uses 

(Leclère et al., 2020), it is questionable whether and to what extent such protection 

management regimes sufficiently protect species and whether we are on the right track for 

adequate species conservation. There is an urgent need to assess the conservation 

effectiveness of PA management for biodiversity conservation. 

In view of the biodiversity crisis and the limited opportunities for expanding protected 

areas (Mendenhall et al., 2016), efforts to secure biodiversity and ecosystem services in 

human-dominated landscapes are expanding. The question then becomes: what is the 

potential of different habitats for biodiversity conservation in the Anthropocene? In broad 

terms, the focus can be on biodiversity conservation in natural, urban and rural areas 

(agricultural areas). Nature is often considered to be the most important habitat for species. 

Most protected areas are located in natural areas or even intact wilderness. However, wild 

areas only account for 44% of terrestrial surfaces and only 18% of plants are endemic to 

these areas (Mittermeier et al., 2003). Species conservation only depending on these areas 

is insufficient to halt biodiversity loss. 

Agricultural areas are also considered to be an important habitat to sustain biodiversity. 

Although the expansion of agriculture ranks as one of the main drivers of biodiversity loss 

(IPBES, 2019, 2020), agricultural habitats can also host important biodiversity. 

Agricultural areas can be habitats for many species (Prugh et al., 2008; Karp et al., 2012; 

Chaudhary et al., 2015; Martins and Pereira, 2017), and a significant number of wild 

species have adapted or even become dependent on farmland habitats (Li et al., 2020). For 

example, European farmlands are valuable habitats for many species, such as Alopecurus 

myosuroides (Doxa et al., 2010; Cormont et al., 2016). Farmlands provide important food 

resources for many mammals (Magioli et al., 2019). Additionally, agricultural areas 

support some plant species not found in other habitat types (Mendenhall et al., 2016). 

Nowadays, urban areas are considered the fastest growing land cover type (Fuller et al., 

2007), and continue to expand quickly (Angel et al., 2011; Seto et al., 2012; Shi and Yu, 

2014). Rapid city sprawl leads to the loss of natural habitats and decreases in biodiversity 

(Gong et al., 2013; Shaw et al., 2017), especially in biodiversity hotspots. However, it also 

provides us a chance to conserve species in urban environments. Urban green spaces can 

be the most important ‘semi-natural’ ecosystems in high density urban areas, particularly 

if they are potential habitats for some plant species, such as Agrostemma githago (Kowarik, 

2011; Kümmerling and Müller, 2012; Torres et al., 2016). Ives et al. (2016) even found 
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that urban areas can sustain a great deal of threatened species. However, assessment about 

the potential of different habitats (nature, rural and urban area) for plant species 

conservation is still largely lacking. 

 

Research aims and questions 

In this thesis I explore the changes in the occurrence of plant species across space and time. 

I examine whether these changes are dependent on the type and status of a plant species. 

I address these aims via a series of sub-questions in the following four chapters (Figure 1): 

 

1) Whether and to what extent is natural land cover important for plant species' 

conservation, and whether the importance differs among different plant groups? (Chapter 

2) 

2) If the coverage of (semi-)natural habitat explains the distribution of plant species, what 

are the impacts of different (semi-)habitat types and 3D vegetation structure on plant 

species occurrence, and does this depend on their pollination modes (i.e. insect, wind and 

self-pollination)? (Chapter 3) 

3) Furthermore, given the alarming reports of insect decline over time, whether and to 

what extent has the occurrences of plants pollinated by different modes (i.e. insect, wind 

and self-pollination) changed over time? (Chapter 4) 

4) Given the importance and continuous decline of insect-pollinated plants and red list 

species, are current conservation strategies (i.e. establishing protected areas & conserving 

species in nature, rural and urban areas) sufficient to conserve these species and how can 

we improve conservation strategies? (Chapter 5) 

 

Plant diversity in the Netherlands 

The Netherlands has a long history of observing the occurrence of flora across the whole 

country. For ages volunteers have been actively observing plants in the country. From 

1901, a citizen science project started with identifying and mapping the distributions of 

plant species across the Netherlands. Every year, around 800-1000 km2 of the country is 

monitored by professional volunteers, with 250 volunteers working on the project 

regularly and 1500 incidentally (https://www.floron.nl/about-us). These observation data 

almost cover the whole country (Fig. 1), they are validated based on knowledge rules and 

expert assessments. With such great work on species monitors, it’s possible to assess the 

dynamics of different species and the overall effectiveness of species conservations in the 

Netherlands. 

https://www.floron.nl/about-us
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Fig.1 The distribution of land-use types and species observations in the Netherlands. 

 

The Netherlands has experienced major conversions from natural habitats to agricultural 

or urban use in its history and currently has one of the most intensively managed 

landscapes in the world with agriculture accounting for approximately 63% and urban 

areas accounting for 15% of the country. Over the past century, the country has 

experienced a major decline in plant diversity, with about 4% of the vascular plants 

disappeared entirely from the Netherlands (Fig. 2; Notenboom et al., 2006), due to a 

variety of human activities, which has been documented in many literatures (Tamis et al., 

2005; Snoo et al., 2012; Carvalheiro et al., 2013; EZ, 2015). Evidence includes declines 

in insect-pollinated plants, and plants that are vulnerable to rich nutrients (Tamis et al., 

2005). Other evidence shows that plants on arable fields have declined by 35 percent since 

1900. Although the decline rate is slowing down, it can’t hide the truth that biodiversity 

loss persists despite all attempts. Currently, there are still nearly 40% of vascular plants in 

the Red list under threat (https://www.clo.nl/en/indicators/en1052-number-of-threatened-

species). 

 

https://www.clo.nl/en/indicators/en1052-number-of-threatened-species
https://www.clo.nl/en/indicators/en1052-number-of-threatened-species
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Fig. 2 Percentages of species regarding each IUCN category. RE (Extinct): 3%, REW 

(Extinct in the Wild): 1%, CR (Critically Endangered): 4%, EN (Endangered): 6%, VU 

(Vulnerable): 17%, NT (Near Threatened): 18%, and LC (Least Concern): 52%. Source: 

Rode Lijst Vaatplanten 2012 (Sparrius & Beringen, 2014). 

 

Threats including the loss and fragmentation of natural habitats, climate change and 

nitrogen deposition are identified as three most important drivers of terrestrial biodiversity 

loss in the Netherlands, with land use as the most serious threat. Continuous convention 

from natural areas to agricultural use and intensive management of land use have an 

ongoing negative impact on plant diversity (Notenboom et al., 2006). Although people 

have realised the importance of (semi-)natural habitats and increased natural area and 

improved spatial connectivity, it is still not enough to halt species decline. In addition, the 

critical load for nitrogen deposition is still a big problem (Notenboom et al., 2006). Despite 

the fact that nitrogen deposition has dropped as a result of environmental actions to 

minimise pressures, nitrogen deposition has and is still threatening plant species across the 

country. Climate change including temperature increase and increasing desiccation is 

estimated to reduce 40% of its plant species (Wamelink and Kurvers, 2022). 

The Netherlands has adapted various conservation actions in the country to stem the tide 

of biodiversity loss. The Netherlands Nature Network and Natura (NNN) 2000 are on-

going. Natura 2000 in the Netherlands is part of the European network of protected nature 

areas aiming at protecting certain species and habitats, while the NNN includes all existing 

and planned nature areas, which will be finished by 2027. However, to what extent the 

effectiveness of these actions can protect species still needs to be assessed. 

In this thesis, we take the Netherlands as the study areas and explore the series of questions 

that I proposed above. 

 

Thesis outline 

Chapter 2: Importance of natural land cover for plant species’ conservation: A 

nationwide study in The Netherlands 
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This chapter aims to figure out exactly whether and to which extent (semi-)natural habitat 

cover affects plant species. Land-cover change by humans, particularly (semi-)natural area 

loss, is reducing biodiversity on Earth. Understanding the effect of (semi-)natural habitat 

cover on species can provide ecological insight and convincing evidence for developing 

biodiversity conservation strategies. However, few empirical studies indicate the 

importance of natural land cover to plant species’ presence. To find out the importance of 

natural land cover to plant species, this chapter includes 32 native and 412 exotic plant 

species across all landscapes nationwide and analyses the dynamics in species occurrences 

across landscapes with different coverage of semi-natural habitats. 

 

Chapter 3: The distributions of insect, wind and self-pollination of plants in the 

Netherlands in relation to habitat types and 3D vegetation structure 

As (semi-)natural land cover is important to plant species, this chapter zooms in on semi-

natural habitats, and explores whether the distribution of plants pollinated by different 

pollination modes is related to environmental conditions, e.g. habitat types and vegetation 

structure. To understand this is important since pollination is one of the most critical events 

of reproduction of plants, with insect, wind and self as the most common pollination 

modes. Here, I use distribution records of Dutch plant species to map the composition of 

pollination modes of different plant groups (woody species, herbs and grasses) across 

(semi-)natural habitats and assess whether spatial distributions of different pollination 

modes are correlated with the 3D vegetation structure. 

 

Chapter 4: Dutch landscapes are losing insect-pollinated plants 

Pollinator dependent plants consist of most of the plant biodiversity of the world and 

constitute over 80% of the most critical crops. Given the strong decline in insect species 

and the importance of pollinators to plant species, this chapter assesses whether and to 

what extent the occurrences of plants in semi-natural habitats have changed over time at 

the community level, and whether this change depends on pollination groups (i.e. insect, 

wind and self-pollination)? The assessment is conducted based on plants recorded in 

625,247 Dutch vegetation plots from 1930 to 2017. 

 

Chapter 5: Where, what habitats and how much area of the habitats do we need for 

conserving different species? 

In this chapter, I attempt to provide conservation suggestions to mitigate the decline of 

species by assessing current conservation efforts. Specifically, I assessed the plant 

diversity (alpha, beta and gamma diversity) of different plant groups in different land-use 

types (nature, rural and urban areas) and conservation levels (Natura 2000 vs non-Natura 

2000), and try to assess whether current conservation efforts are going in the right direction 

for conserving plant species and how to conserve different species more efficiently.. 

 

Chapter 6: General discussion 
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In this chapter, I discuss the results and implications of this research project. More 

specifically, I discuss the methods of measuring plant diversity. Furthermore, I will discuss 

the importance of natural land cover and pollinators to plant species. Finally, I discuss the 

conservation effectiveness of different land-use types and protection levels on different 

species groups and how to improve the conservation of plant species. 
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Abstract 

While shifts to high-intensity land cover have caused overwhelming biodiversity loss, it 

remains unclear how important natural land cover is to the occurrence, and thus the 

conservation, of different species groups. We used over 4 million plant species’ 

observations to evaluate the conservation importance of natural land cover by its 

association with the occurrence probability of 1 122 native and 403 exotic plant species at 

1 km resolution by species distribution models. We found that 74.9% of native species, 

83.9% of the threatened species and 77.1% rare species preferred landscapes with over 50% 

natural land cover, while these landscapes only accounted for 15.6% of all grids. Most 

species preferred natural areas with a mixture of forest and open areas rather than areas 

with completely open or forested nature. Compared to native species, exotic species 

preferred areas with lower natural land cover and the cover of natural open area, but they 

both preferred extremely high and low cover of natural forest area. Threatened and rare 

species preferred higher natural land cover, either cover of natural forest area or cover of 

natural open area than not threatened and common species, but rare species were also more 

likely to occur in landscapes with 0-25% cover of natural open area. Although more 

natural land cover in a landscape will not automatically result in more native species, 

because there is often a non-linear increase in species occurrence probability when going 

from 0% to 100% natural land cover, for conserving purposes, over 80% natural land cover 

should be kept in landscapes for conserving threatened and very rare species, and 60% 

natural land cover is the best for conserving common native species. Our results stress the 

importance of natural areas for plant species’ conservation. It also informs improvements 

to species conservation by increasing habitat diversity.  
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Introduction 

Global biodiversity is declining at an unprecedented rate and around one million plant and 

animal species are facing extinction (Bridgewater et al., 2019; Tollefson, 2019). The 

transformation of natural habitat into agriculture, infrastructure and urban areas is 

considered as one of the main drivers of these declines (Sala et al., 2000; van Klink et al., 

2020). Currently, approximate three-quarters of the terrestrial biosphere has been altered 

by human activities (Ellis and Ramankutty, 2008) and the impact of these alterations on 

biodiversity is expected to increase this century (Visconti et al., 2016). Natural (e.g. 

natural forest, wetland and dunes, etc.) and semi-natural habitats (e.g. production forest, 

extensive pastures) are recognized as the stronghold for the majority of species on Earth 

(Di Marco et al., 2019; Mokany et al., 2020), although some species can use human 

modified ecosystems (Magioli et al., 2019; Galán-Acedo et al., 2019). In fact, many 

threatened species only occur in natural habitats, making the loss of natural habitat a more 

severe problem for those species (Dudley, 2013). Consequently, the extent of 

(semi)natural land cover (NLC) is a key determinant of species conservation status in a 

given landscape. 

However, the different relations between NLC and biodiversity are a contentious 

issue in the debate surrounding the importance of and need for natural areas to conserve 

biodiversity. For example, studies on plant richness come to different conclusions, with 

some showing a linear increase with natural habitat cover (Blaser et al., 2018), others a 

quadratic relationship with the highest species richness in areas with intermediate cover 

of natural habitats (Bascompte and Rodriguez, 2001), and yet others a lack of correlation 

between plant species richness and natural habitat cover (Cormont et al., 2016). This is 

presumably because the importance of NLC likely varies between species and possibly 

groups of species, for example, threatened vs non-threatened (Berg et al., 1994) or native 

vs exotic species. A better understanding of the importance of NLC to different species 

and species groups is urgently needed to improve biodiversity conservation in the 

Anthropocene. 

Natural areas may include different ecosystems and habitat types, from forests to 

shrublands and open grasslands to wetlands. The abiotic conditions vary substantially 

between these ecosystems ranging from shady, moist forests to sunlit, warm and dry open 

habitats, and thus provide very different living conditions for species (Frenne et al., 2013; 

Arx et al., 2013). While an increased amount of forest cover may result in high plant 

species richness in general (Mendenhall et al., 2016), not all species prefer habitats with 

high forest cover (Casado et al., 2004). Richness of some shade-intolerant plant species 

decreases with forest cover (Benchimol et al., 2017), as those species prefer more open 

habitats. Consequently, to assess the importance of natural habitats for species 

conservation, it may be important to discriminate between natural areas consisting of 

natural forest areas (NLC-F) or of natural open areas (NLC-O). 

In this study, we assess the importance of NLC to the conservation of plant species 

in the Netherlands. We aim at evaluating the importance of habitat with different extent 

of NLC for the occurrence, rather than fitness or richness, of certain species. This method 

will provide us with novel insight into the occurrence probability of almost all species 

along the proportion of NLC across the landscapes (Laughlin et al., 2020). We address the 

following sub-questions: (1) does the extent of NLC associate with native plant species’ 

occurrence? (2) do different types of natural areas (forests versus open habitats) affect the 
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conservation status (presence) of native plants? (3) given the importance of natural areas 

to conservation-relevant species, we ask whether there is a correlation between the status 

of the plant species (native/exotic, threatened/not threatened and rare/common) and the 

preferred amount of natural area (or forest or open) in the landscape? (4) Does more NLC 

make landscapes suitable to more species of conservation-relevance? 

 

Method  

Study area 

Our study area is the Netherlands, for which long-term and detailed monitoring data of 

biodiversity exist. Most of the country consists of human-dominated landscapes with 

agriculture (about 62%) and urban and industrial areas (about 15%), while few 

(semi-)natural landscapes remain (about 23%). 

 

Land cover 

Compared to non-natural habitats, which can also be potential habitats for plants, NLC in 

this paper includes all natural or semi-natural habitats (S1 Table) receiving little human 

disturbance and management. To derive a complete national dataset from which NLC 

could be obtained, we combined data from three national sources on land use and land 

cover: 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 three datasets included 175 land 

cover classes at the country scale. Marshall (Marshall, 2018) aggregated these 175 classes 

into 16 land cover classes at a resolution of 10x10 m. We further re-classified these 16 

classes into ‘(semi-)natural land cover’ and ‘non-natural land cover’ (S1 Table). Since this 

study focuses on the terrestrial ecosystems and wetland ecosystems, we excluded the land 

cover class of ‘open water’ (large bodies of surface waters, whether fresh or brackish).  

 

https://desktop.arcgis.com/en/
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Fig 1. Land cover map and illustration of plant species responding to NLC. a, the 

distribution of NLC across the Netherlands. b, the distribution of the NLC-F across the 

Netherlands. c, the distribution of the NLC-O across the Netherlands. d-f, Illustration of 

three types of hypothetical curves indicating plant species responding to NLC (or NLC-F 

or NLC-O). 

Next, we calculated the proportion of NLC within each 1 x 1 km cell in the 

Netherlands. The NLC-F and proportion of NLC types except for natural forest, further 

referred to as the NLC-O, were also calculated in order to compare the preferences of plant 

species for natural forest and natural open habitats (S1 Table, Fig 1a-c). Based on 

calculated proportions of NLC, NLC-F and NLC-O in each grid, the proportion (𝐹𝑖) of

grids in the Netherlands with different NLC (or NLC-F or NLC-O) equalling i was 

calculated by 

𝐹𝑖 = 𝑁𝑖/𝑁 Equation 1. 

where Ni is the number of grids with NLC (or NLC-F or NLC-O) equalling i and N is the 

total number of grids. To avoid artefacts relating to the species-area relationship from 

affecting our results, only cells where open water was <10% (equalling a land surface 

proportion of =>90% in each cell) were included in our analysis (see S1 text for a 

sensitivity analysis, S1 Fig). 

Plant species data 
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We used presence-only records for vascular plants, which include seed plants, conifers, 

ferns and clubmosses, in the Netherlands from the Dutch National Database of Flora and 

Fauna (NDFF, www.ndff.nl) collected between the period 2010-2017. Our analysis used 

species-level taxonomy, so we excluded observations at genus and family level, as well as 

nomina dubia (e.g. ‘Geranium dissectum / molle / pusillum’). Species with an ‘extinct’ or 

‘disappeared’ status (Sparrius et al., 2014) were also excluded. Included observations were 

either point observations or polygons with areas smaller than 3 ha, and the latter indicated 

the presence of a species within a given area. All polygons were converted to points by 

taking the centroid of the polygon. Next, each observation was attributed to a 1 x 1 km 

cell. This left us with 4 773 313 observations (S2 Fig), including 1 128 native and 416 

exotic species (S2 Table). All of these species are accepted in the Netherlands, and their 

corresponding names in the World Flora Online were also included in S2 Table for 

comparison. Exotic species, which include many cultivated species, were included in this 

study to compare with native species. Although many exotic species are cultivated, they 

have been a real part of the environment after introduction to the Netherlands. Finally, 

duplicate species records were removed to leave a single presence value for each species 

in each 1 x 1 km cell in the dataset.  

 

Species distribution modelling 

To gain insight in the response of plant species to NLC, NLC-F and NLC-O, we developed 

species distribution models (SDMs), which have been validated to be an effective method 

to link environmental variables to species distributions (Laughlin et al., 2020). By using 

SDMs, we assessed the species occurrence probability rather than fitness or richness and 

found out which extent of NLC is the best habitat for certain species. In addition to the 

three variables of interest (NLC, NLC-F and NLC-O), we also included bioclimatic data 

and soil types. We extracted 19 bioclimatic variables (bio1-bio19) from the WorldClim 

2.1 database with resolution 30 seconds (Fick and Hijmans, 2017). Due to multi-

collinearity between these bioclimatic variables, we used principal components analysis 

(PCA) to convert 19 bioclimatic variables into 5 linearly uncorrelated variables (Kriticos 

et al., 2014), which capture 93% of the variability in the full suite of 19 bioclimatic 

variables (S3 Table). A national layer of soil types (10 classes produced in 2006) was 

obtained from https://www.wur.nl/nl/show/Grondsoortenkaart.htm. This was used to 

generate a rasterized coverage of 10 soil types at 1 km resolution using ESRI ArcGIS 

Desktop 10.6.1 (https://desktop.arcgis.com/en/). Due to strong correlations between NLC 

and NLC-F, as well as NLC and NLC-O (S4 Table), we included either NLC or NLC-F 

and NLC-O in two separate SDMs (i.e. SDM1 includes NLC, five bioclimatic variables 

and ten soil types; SDM2 includes NLC-F, NLC-O, five bioclimatic variables and ten soil 

types). 

We employed maximum entropy modelling (Phillips et al., 2006) (MaxEnt), which 

can robustly deal with a variety of presence-only data (Phillips et al., 2006; Phillips and 

Dudík, 2008; González-Irusta et al., 2015) and has outperformed most other SDM 

modelling applications in dealing with small samples and preventing overfitting 

(Hernandez et al., 2006; Aguirre-Gutiérrez et al., 2013). MaxEnt models were developed 

using the function maxent from the R package dismo (Hijmans et al.., 2017) in R version 

3.5.1 (R Core Team, 2018). For each species, two separate SDMs were run as mentioned 

above. For each variable included in the model, we calculated the response of species 

http://www.ndff.nl/
https://www.wur.nl/nl/show/Grondsoortenkaart.htm
https://desktop.arcgis.com/en/
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occurrence probability to this variable, which will be used in further analysis. We used the 

permutation importance for evaluating the importance of different variables (NLC, etc.) 

(Zhang et al., 2018). The validation of the robustness of species distribution prediction 

was carried out with AUC generated by SDMs (Manel et al., 2002). However, AUC values 

indicating SDM accuracy based on presence-background data are flawed. Hence, we 

tested the validity of MaxEnt models for each species by comparing the AUC value to a 

null model (Raes and ter Steege, 2007). To generate the null model for a species, we 

constructed 100 MaxEnt models with the same parameterization and structure of the 

corresponding empirical model, but now using an equal number of randomly drawn 

occurrence records (Enriquez-Urzelai et al., 2019). We then computed the 95% C.I. AUC 

value based on yielded 100 AUC values from each null model and assessed whether AUC 

values of empirical MaxEnt models were higher than their corresponding 95% C.I. AUC 

values of the fitted null models (Raes and ter Steege, 2007). Those species for which the 

AUC values of SDMs were not significantly higher than null models were excluded from 

further analyses due to the species occurrence not significantly explained by the predictors 

included in the SDM. 

 

Response of species to NLC and preferred NLC  

Of each species for which the occurrence was significantly explained by the SDM, the 

shape of the response to NLC (or NLCF or NLCO) was determined, by classifying the 

curve into ‘Increase’ (positive linear model), ‘Decrease’ (negative linear model), 

‘Unimodal’ (quadratic model), ‘U-shaped’ and ‘None’ (a response curve with no 

relationship with either NLC, NLC-F or NLC-O). To get the shape of the response of each 

species, we assessed the corresponding NLC (or NLC-F or NLC-O) values to the peak and 

lowest occurrence probability values, using the following criteria: (i) we assigned an 

increasing response curve if the NLC (or NLC-F or NLC-O) value at peak occurrence 

probability value equalled 100% and the NLC value at the lowest occurrence probability 

value equalled 0%; (ii) we assigned a decreasing response curve if the NLC value at peak 

occurrence probability value equalled 0% and the NLC value at the lowest occurrence 

probability value equalled 100%; (iii) we assigned a u-shaped response curve if the NLC 

value at the lowest occurrence probability value ranged between 1% and 99%; (iv) we 

assigned a unimodal response curve if the NLC value at peak occurrence probability value 

ranged between 1% and 99%; (v) we assigned a flat response curve (‘None’) if the NLC 

value at peak occurrence probability value equalled the NLC value at the lowest 

occurrence probability value. Response curves of 1 525 species with either decreasing, 

unimodal or increasing shapes were presented in S3 Fig. 10. No species performed u-

shaped response curves and species with a neutral (without a relationship, named ‘None’) 

response were omitted as not preferring any NLC. Secondly, for each species with a 

decreasing, increasing or unimodal relationship with natural cover, we determined their 

preference for nature (or natural forest or open). This ‘preferred natural land cover’ 

(preferred NLC, NLC-F or NLC-O) represents the percentage of NLC (or, NLC-F or NLC-

O) at the predicted peak occurrence probability (Fig 1d-f). For those species with 

decreasing or increasing relations with NLC (or NLC-F or NLC-O), their preferred NLCs 

(preferred NLC-Fs or NLC-Os) are always ‘0%’ or ‘100%’, respectively. For species with 

unimodal shapes, their preferred NLCs (preferred NLC-Fs or NLC-Os) are the NLCs 

(NLC-Fs or NLC-Os) corresponding to the peak occurrence probability of the predicted 
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response curve. Plant species with unimodal response curves differed substantially in 

preferred NLC (and in preferred NLC-Fs or NLC-Os). For illustrative purposes and to 

facilitate comparisons between plant responses, we divide them in four classes: (i) 

unimodal0-25%, with peak of unimodal curve at (0%, 25%) NLC (or NLC-F or NLC-O); 

(ii) unimodal25-50%, with peak at [25%, 50%) NLC; (iii) unimodal50-75%, with peak at 

[50%, 75%) NLC; and (iv) unimodal75-100%, with peak at [75%, 100%) NLC. In the 

comparisons, we distinguished six groups (Increasing curve, decreasing curve and the four 

unimodal groups) based on preferred NLC, NLC-F or NLC-O.  

 

Species occurrence in landscape cells (1x1km) relative to the distribution of NLC in 

those cells nationwide 

To assess whether the occurrence of species followed the distribution of NLC in the 

Netherlands or not, the proportion of observations of species within group k (one of six 

groups described above) occurring in grid cells with NLC equalling i (𝐹𝑖𝑘) was calculated 

by 

𝐹𝑖𝑘=𝑁𝑖𝑘/𝑁𝑘                                                  Equation 2. 

where 𝑁𝑖𝑘 is the number of observations of species within group k and occurring in grids 

with NLC equalling i. 𝑁𝑘 is the number of all observations of species within group k.  

Finally, the representativeness of the occurrence of a species group along NLC, 

describes the difference between the proportion of occurrences of grid cells with different 

NLC in the Netherlands and the relative occurrence of each species group along NLC. The 

difference in representativeness (𝑅𝑖𝑘), was calculated by 

𝑅𝑖𝑘 = 𝐹𝑖𝑘 − 𝐹𝑖                                               Equation 3. 

      

Association between species category and preferred NLC, NLC-F and NLC-O 

To assess whether different species groups differ in their response to natural cover, we 

classified all species based on their (1) origin (native and exotic); (2) threatened status 

(threatened and not threatened); (3) rarity (rare and common); (4) growth form (woody 

and herbaceous). Data on threatened status, rarity and species origin were obtained from 

the Red List of Vascular Plants of the Netherlands (Sparrius et al., 2014). Ninety-three 

percent of the data about growth form were extracted from online existing databases 

(Kleyer et al., 2008; Engemann et al., 2016; Taseski et al., 2019) and 7% were manually 

assigned using images on Google Image (https://images.google.com/) and Wikipedia 

(https://www.wikipedia.org/). Since we were interested in differences between main 

categories, for the threatened status of species, we omitted Data Deficient (DD), and 

reclassified Least Concern (LC) and Near Threatened (NT) as ‘not threatened’ and 

Vulnerable (VU), Endangered (EN) and Critically Endangered (CR) as ‘threatened’.  

     We then compared how these three broad species categories are related to four groups 

of preferred NLC, NLC-F and NLC-O (0-25%, 25-50%, 50-75% and 75-100%). We used 

Contingency Analyses (Pearson’s) to assess differences between levels within each 

category. All analyses and visualisations were conducted in R version 3.5.1 (R Core Team, 

2018).  

https://images.google.com/
https://www.wikipedia.org/
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Average occurrence probability increase 

The increase in occurrence probability per plant group was calculated by 

𝑂𝑃𝑖 = ∑ (𝑂𝑃𝑖𝑗 − 𝑂𝑃0𝑗)/𝑛
𝑗=𝑛
𝑗=1                     Equation 4. 

where 𝑂𝑃𝑖  is the averaged occurrence probability increase by increasing NLC from 0% to 

i%, 𝑂𝑃𝑖𝑗  is the occurrence probability of species j at NLC i%, 𝑂𝑃0𝑗 is the occurrence 

probability of species j at NLC 0%. n is the total number of species in a certain group (e.g. 

threatened species). 

 

Results 

NLC, NLC-F and NLC-O patterns across the Netherlands 

To explore the relationships between NLC and species’ presence, we first quantified the 

NLC, NLC-F and NLC-O across space and mapped their frequency distributions (Fig 1a-

c). Both NLC-F and NLC-O showed a sharply decreasing pattern. Although NLC showed 

a ‘U-shaped’ pattern, the proportion of grid cells with 100% NLC was still much lower 

than that with 0% NLC. Taken together, the frequency distribution of NLC, NLC-F and 

NLC-O at the 1x1 km scale revealed that 90% of the landscapes in the Netherlands have 

less than 73% NLC, less than 39% NLC-F and less than 29% NLC-O. 

 

NLC correlates to plant species occurrence 

We analysed the relationships between native plant species occurrence and NLC. Out of 

1 128 native plant species, SDMs for 1 122 species were significantly better than the null 

model and those species showed either a decreasing, unimodal or increasing relationship 

with NLC (Fig 2a). Results of all 1 122 species are in S2 Table and response curves of 

these species are in S3 Fig. Based on permutation importance value, NLC was, on average, 

a more important variable for explaining species occurrence than other variables (Table 

1). Of the 1 122 native plant species, 20 times more species showed a linear increase with 

NLC (21.4%, 240 spp.) than a linear decrease (1%, 11 spp.) with NLC (Fig 2a-b, d). The 

majority of species (77.6%, 871 spp.) showed a unimodal response curve (Fig 2a, c) with 

NLC.  

 

Table 1. Comparison of permutation importance among variables. Higher values 

indicate a higher importance and thus more explanatory power in the models. 

 

 

 

 

 
All spp. Native spp. 

Exotic 

spp. 

Summary Mean Mean Mean 

NLC 19.58 22.79 10.90 

bioclim1 10.34 11.20 8.01 
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Model1 (with 

NLC) 

bioclim2 13.18 14.31 10.14 

bioclim3 3.37 2.72 5.11 

bioclim4 3.69 3.36 4.60 

bioclim5 2.47 2.39 2.71 

built_upon_area 8.76 7.25 12.86 

heavy_clay 2.90 2.44 4.15 

heavy_sabulous_clay 2.97 2.42 4.44 

light_clay 5.93 5.34 7.54 

light_sabulous_clay 2.64 1.95 4.53 

loam 1.46 1.24 2.07 

peat 5.72 5.25 6.99 

sand 14.43 15.43 11.71 

swampy_on_sand 1.96 1.47 3.27 

water 0.58 0.44 0.96 

Model2 (with 

NLCF+NLCO

) 

 
All spp. Native spp. 

Exotic 

spp. 

Summary Mean Mean Mean 

NLC-F 7.42 7.61 6.89 

NLC-O 12.80 15.01 6.75 

bioclim1 10.06 10.92 7.71 

bioclim2 13.44 14.53 10.47 

bioclim3 3.58 2.97 5.27 

bioclim4 3.63 3.32 4.47 

bioclim5 2.47 2.34 2.80 

built_upon_area 8.83 7.59 12.22 

heavy_clay 2.96 2.56 4.04 

heavy_sabulous_clay 3.05 2.61 4.25 

light_clay 5.82 5.34 7.14 

light_sabulous_clay 2.80 2.10 4.70 

loam 1.48 1.25 2.11 

peat 5.73 5.32 6.84 
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sand 13.58 14.72 10.46 

swampy_on_sand 1.88 1.42 3.14 

water 0.48 0.39 0.74 

 

 

 

Fig 2. Response to NLC for 1 122 native plant species with significant null models. 3 

species with a neutral (without a relationship, named ‘None’) response were omitted as 

not preferring any NLC. a-h, Response curves of plant species to NLC. i-l, Summary 

statistics of preferred NLCs. a, Summary of all 1 122 native plants responding to NLC 

(with percentages in parentheses). b-d, Response curves of species with decreasing (each 

magenta line indicates one species) (b), unimodal (each blue line indicates one species) (c) 

and increasing (each green line indicates one species) (d) relations with NLC. The dark 

black line is the average response curve of each species group. The yellow line indicates 

the standardized proportion of grids with different NLC in the Netherlands. Both the 

occurrence probability and the standardized proportion (percentage) range from 0% to 100% 
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and are indicated by the y axis. e-h, Species with unimodal shapes were split into four 

groups based on their preferred NLCs (e, species with preferred NLCs ranging from 0-

25%; f, species with preferred NLCs ranging from 25-50%; g, species with preferred 

NLCs ranging from 50-75%; h, species with preferred NLCs ranging from 75-100%). i-j, 

Statistics of preferred NLCs of all 1 122 native plant species (i, summary of 1 122 plant 

species’ preferred NLCs; j, percentage of species (in brackets) in different preferred NLC 

range groups, i.e. 0%, 0-25%, 25-50%, 50-75%, 75-100% and 100%). k-l, Statistics of 

preferred NLCs of species with unimodal shapes (k, summary of plant species’ preferred 

NLCs; l, histogram of preferred NLCs of plant species with unimodal relations with NLC). 

All mean values are means ± SE. 

 

Moreover, the steepness of the response curves varied widely between different 

species (Fig 2), even between species with the same response curve shape (either increase, 

unimodal or decrease). For example, both Carex extensa and Carex distans had unimodal 

relationships with NLC, but the curve of Carex extensa was much steeper than that of the 

Carex distans (S3 Fig).  

 

We further calculated the preferred NLC, i.e. the NLC corresponding to the peak 

occurrence probability in the response curve, to portray where these native plant species 

are most likely to occur. The median and mean of preferred NLC of the 1 122 species were 

61.0% and 65.6%, respectively (Fig 2i). In total, 840 of 1 122 species (accounting for 

74.9%) preferred NLC above 50%, with 346 of those preferring NLC above 75% (Fig 2j). 

What’s more, threatened and rare species particularly preferred landscapes with high NLC. 

Of the threatened species, 193 of 230 (accounting for 83.9%) preferred NLC higher than 

50%, with 120 of those species preferring NLC higher than 75% (Fig 3, S4 Fig). Of the 

rare species, 388 of 503 (accounting for 77.1%) preferred NLC higher than 50%, with 233 

of those species preferring NLC higher than 75% (Fig 3). However, when assessing the 

proportion of grid cells with different NLC in the Netherlands (Figs 1, the yellow line in 

2, and 3), grid cells with NLC above 50% only account for 15.6% of all grid cells in the 

Netherlands, while these concurred with the preferred NLC of 74.9% native species, 83.9% 

threatened species and 77.1% rare species. In short, there is a strong mismatch between 

the NLC available in the Netherlands and the preference for landscapes with higher NLC 

of the majority of native plant species (Fig 3). 
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Fig 3. Percentage of grids with different NLC and species with different preferred 

NLC in the Netherlands. a, 1 122 native species. b, 230 threatened species. c, 503 rare 

species. The brown colour means the distribution of grid cells with different NLC and the 

green colour means the distribution of species with different preferred NLC. 

 

Since most species showed unimodal shapes, but their preferences for NLC varied 

widely (ranging from 10.4% to 96.1%, Fig 2k), we divided them into four groups based 

on NLC preference of 0-25%, 25-50%, 50-75% and 75-100% (Fig 2e-h). The percentages 

of species in the four groups were 1.3%, 22.6%, 44.0% and 9.4% respectively (the sum is 

not 100% as species with decreasing and increasing response curves were excluded) (Fig 

2j). Overall, the frequency distribution of preferred natural cover of species with unimodal 

responses followed a normal distribution, with a median of 55.9% (Fig 2k-l). Over 69.1% 

of these species were more likely to occur in landscapes with NLC more than 50%. 

Next, we compared the relative occurrence of each species group (increase, decrease, 

unimodal0-25%, unimodal25-50%, unimodal50-75% and unimodal75-100%) to the 

presence distribution of NLC in the landscapes of the Netherlands. In this way, we can 

show the extent to which different species groups overuse or underuse grid cells with 

different NLC. Species groups with increasing response curves and unimodal curves with 

preferred NLC 75-100% were under-represented in areas with low NLC but over-

represented in areas with high NLC (Fig 4). The species group with decreasing response 

curves and preferred NLC 0-25% were a bit over-represented in areas with low NLC and 

under-represented in areas with high NLC. Finally, the group with preferred NLC 25-50% 

was under-represented in low NLC and high NLC but over-represented in moderate NLC, 

while the group with preferred NLC 50-75% was only under-represented in areas with low 

NLC. In general, most species were over-represented in areas with high NLC but under-

represented in low NLC cells.  
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Fig 4. The representativeness, i.e. relative occurrence of a species group in relation 

to the NLC availability in the Netherlands. It describes the difference between the 

proportion of occurrence of grid cells with different NLC in the Netherlands and the 

relative occurrence of each species group along NLC. Species were classified into 

decrease, increase, preferred NLCs of 0-25% (unimodal0-25%), 25-50% (unimodal25-

50%), 50-75% (unimodal50-75%) and 75-100% (unimodal75-100%), respectively. Lines 

represent the best-fit regressions and the grey bands represent the regression 95% 

confidence interval. The black horizontal line indicated 0. 

 

Differences in preferences of plant species for NLC-F or NLC-O 

For 1 091 and 1 121 species, of 1 122 native species, the SDM showed meaningful 

response curves (i.e. SDM models were better than null models) with NLC-F and NLC-O, 

respectively (S5 and S6 Figs, S2 Table). Average permutation importance showed that 

these two variables ranked first and fifth respectively (Table 1). According to the response 

curves of species to NLC-F and NLC-O, we obtained the shapes and preferred NLC-F and 

NLC-O for each species. We found that most species (76.3%) showed a unimodal response 

to NLC-F. The mean and median of preferred NLC-F of 1 091 species were 35.9% and 

39.9% (S5 Fig); Most species (88.8%) also showed a unimodal response to NLC-O. The 

mean and median of preferred NLC-O of 1 121 species were 57.6% and 55.0% (S6 Fig). 

 We compared the preferences for NLC-F and NLC-O of each native species and 

found that most species preferred areas with 25-75% NLC-F and NLC-O (Fig 5). 

Threatened and rare species also preferred moderate NLC-F and NLC-O (S7 and S8 Figs). 



Chapter 2 | Importance of natural land cover for plant species’ conservation 

35 

2 
 

In other words, a minority of native species prefers landscapes with a very high (>75%) 

NLC-F (47spp., 4.3%) or NLC-O (184spp., 16.9%). Only 9 species (0.8%) showed 

increasing occurrence probabilities with both NLC-F and NLC-O increase. In this case, 

these species prefer high NLC, but natural types don't matter for these species. One species 

(0.1%) showed decreasing occurrence probabilities with both NLC-F and NLC-O increase. 

Forty species (3.7 %) showed increasing relationships with NLC-O but decreased 

relationships with NLC-F. These species prefer natural open areas but not natural forest 

areas. In contrast, only one species (0.1%) preferred natural forest areas but not natural 

open areas. 

 

 

Fig 5. Preferred NLC-F and preferred NLC-O of native plant species. Preferred NLC-

F and NLC-O were classified into six groups, corresponding to species with decreasing 

shapes (preferred NLC-F or NLC-O equalling 0%), species with increasing shapes 

(preferred NLC-F or NLC-O equalling 100%), species with preferred NLC-F or NLC-O 

between 0% and 25%, species with preferred NLC-F or NLC-O ranging from 25% to 50%, 

species with preferred NLC-F or NLC-O ranging from 50% to 75%, species with preferred 

NLC-F or NLC-O ranging from 75% to 100%. The number of species (in each grid) 

increases with the blue colour in each grid getting dark. 
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Importance of nature to plant species varies between threatened and unthreatened as 

well as between native and exotic species 

Finally, we explored whether the preference for NLC, NLC-F and NLC-O varies between 

species categories. Contingency Analysis revealed that threatened and rare species were 

more likely to occur in landscapes with NLC, NLC-F and NLC-O more than 75% 

compared to not threatened and common species (Fig 6a-f, S9 Fig). Rare species were also 

more likely to occur in landscapes with NLC-O between 0% and 25% compared to 

common species. 

 

 

Fig 6. Percentage distribution of species along the preferred NLC, preferred NLC-F 

and preferred NLC-O within each species category (threatened status, rarity and 

origin of species). a-c, Percentage distribution of threatened and not threatened species 

along preferred NLC (a), NLC-F (b) and NLC-O (c). d-f, Percentage distribution of 

common and rare species along preferred NLC (d), NLC-F (e) and NLC-O (f). h-i, 

Percentage distribution of native and exotic species along preferred NLC (g), NLC-F (h) 

and NLC-O (i). ‘+’ indicates values that are above expectation according to our 

Contingency Analysis (see supplementary analysis for detailed results).  
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Most exotic plant species in the Netherlands showed unimodal relationships with 

NLC, with a peak in the response curve between 25%-50% NLC (S10 Fig). Contingency 

Analysis indicated that exotic species were more likely to occur in landscapes with NLC 

and NLC-O lower than 50% compared to native species (Fig 6g-i, S9 Fig). In contrast, 

native species were more likely to occur in landscapes with a relatively high NLC and 

NLC-O (50-75%). Exotic species also preferred landscapes with 0-25% and above 75% 

NLC-F, but native species preferred landscapes with 25-50% NLC. 

 

Discussion  

The importance of NLC to plant species’ presence 

Almost all native plant species in the Netherlands had an association with NLC and more 

species preferred landscapes with high NLC than low NLC. This nationwide study 

confirms the importance of NLC to plant species, and it supports the need of protecting 

natural habitats for species conservation (Watson and Venter, 2017). Of the 1 122 native 

species, 74.9% (840 species) preferred NLC above 50%. This strongly contrasts with the 

15.6% of Dutch landscapes that have NLC higher than 50%. It suggests that most species 

in the Netherlands lack sufficient suitable landscapes, and this is particularly true for 

threatened species. The overrepresentation of most species in high NLC landscapes and 

their underrepresentation in low NLC landscapes further exemplifies the imbalance 

between current landscapes and species’ needs in the Netherlands. It also indicates that 

any increase in NLC in low NLC landscapes might mitigate species decline and promote 

species occurrence. This is consistent with the marginal occurrence probability increase, 

which is high in areas with low NLC (S11 Fig). Although a correlative study such as ours 

cannot definitely assign causality, the findings from controlled experimental studies at 

small scale suggest NLC alters plant biodiversity and increase NLC can increase species 

(Bascompte and Rodriguez, 2001; Blaser et al., 2018). 

Although most species preferred NLC above 50%, more species preferred NLC 50-

75% than 75-100%. There were also more species preferring NLC 25-50% than 0-25%. 

This broad hump-shape trend is consistent with the intermediate disturbance hypothesis 

(Connell, 1978), which stipulates that natural areas with intermediate levels of land cover 

change may provide more heterogeneous habitats (higher habitat diversity) harbouring 

more species than completely natural areas, e.g. continuous deciduous forests, salt marshes. 

This is also found by another study at large scale, which shows that unimodal relationships 

exist between Canadian avian species and NLC (Rachelle et al., 2011). However, this 

relationship is mainly explained by the amount of NLC per se and not by increased habitat 

diversity. These patterns are in line with the ‘habitat amount hypothesis’ which states that 

species respond primarily to the total habitat amount at the landscape level and that there 

is little additional effect of the habitat configuration on species (Fahrig, 2013). Threatened 

plant species were even more prevalent in landscapes with 75-100% NLC than other native 

plants, which concurs with the findings of Berg et al (Berg et al., 1994). These findings 

reveal that landscapes with very high NLC are particularly valuable for the protection of 

threatened species.  

Unsurprisingly, individual plant species showed very different relations with NLC 

and the most common response was a preference for landscapes with 50-75% NLC. 

Following on from this, we assume that species richness is also the highest in landscapes 
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with 50-75% NLC. Indeed, the relationship of species richness with NLC based on 

observations was quadratic, which is consistent with the predicted richness-NLC 

relationships based on species-level responses (Supplementary Method, S12 Fig). 

Although our study does not give any insight into whether and how individual species 

affect the response of community species richness to NLC, some findings about the traits 

of individual species and their assemblage dictating the responding of the community to 

the environment (e.g., climate) have been observed before (Aguirre-Gutiérrez et al., 2019). 

Given the relatively long red lists of threatened species/rare species and the sparsity 

of natural habitats in the Netherlands, governmental and private conservation initiatives 

to strengthen the conservation of plant species should strive to increase the cover of natural 

habitats and the presence of natural elements in degraded landscapes and sustain currently 

protected areas. This is because landscapes with NLC always harbour more species than 

landscapes without NLC (Fig 7). However, more NLC in a landscape will not 

automatically result in more native species because there is often a non-linear increase in 

species occurrence probability when going from 0% to 100% NLC. The optimum NLC 

lies between 64-100%, being generally higher for threatened species (with optimum at 80% 

NLC) and rare species (with optimum at 70% NLC), particularly very rare species (with 

optimum at 100% NLC), than for not threatened and common species (Fig 7 b-d). Exotic 

species show a different pattern with the highest occurrence in landscapes with lower NLC 

than that of native species (Fig 7 a). Thus, increasing NLC in totally disturbed landscapes 

(0% NLC) to 64% or even more is likely to increase species richness overall, but different 

species groups require different restoration strategies. 
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Fig 7. The average occurrence probability change (average occurrence probability 

change from 0% NLC to others, e.g. NLC at 1x1 km resolution increases from 0% 

to 11%) of different species groups. a, All native species vs exotic species. b, Threatened 

species vs not threatened species. c, Rare species vs common species. d, Rare species vs 

common species, but rare species are classified into three categories (i.e. very rare, rare, 

rather rare) according to the Red List of Vascular Plants of the Netherlands (Sparrius, L. 

B., Odé, B., & Beringen, R, 2014). Lines represent the best-fit regressions. 

 

Effect of open or forested natural landscapes on species conservation 

Natural habitats and landscapes range from open grasslands and wetlands, through mixed 

landscapes to closed forests. Since abiotic conditions vary widely between these 

landscapes (Frenne et al., 2013; Arx et al., 2013), we analysed the preference of plant 

species for more open natural areas (higher NLC-O) or forested natural areas (higher NLC-

F). As expected, native plant species have different preferences for one or the other (e.g. 

Alisma gramineum preferred 0% NLC-F but 65% NLC-O). However, most plant species 

preferred moderately open or closed natural areas rather than areas with completely open 
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or forested nature. Our findings are consistent with ecological theory (Connell, 1978; 

Connor and McCoy, 1979; Kallimanis et al., 2008), as well as empirical results of light 

preference indicated by, for example Ellenberg's Indicator (Hill et al., 1999), where most 

species have moderate light preference values. This result means that a mixture of forest 

and open cover suits more species than a high forest cover or completely open cover. 

Clearly, from an individual species’ perspective, conclusions may be different, but our 

study disproves the often heard argument that creating more forests as part of the climate 

adaptation agenda is beneficial to biodiversity conservation at large, which has also been 

criticized by the scientific community elsewhere (Karen et al., 2020). Similarly, it 

disproves the statement that biodiversity at large needs agriculture as the vast majority of 

the Dutch plant species prefers landscapes with substantial, i.e. >50%, natural habitats. 

This fits with the recent opinion that the EU should integrate mosaics of diverse 

ecosystems to realize the biodiversity strategy rather than massive tree planting (Gómez-

González et al., 2020). However, compared to totally disturbed landscapes (0% NLC-F or 

NLC-O), plants occurring in forested natural landscapes show a slightly different 

relationship than plants occurring in open natural landscapes (Figs 8 and 9). Landscapes 

with NLC-O show similar occurrence patterns as NLC, namely they always harbour more 

native species than landscapes without NLC-O (Fig 8). However, landscapes with 100% 

forest harbour fewer native species than completely disturbed landscapes (Fig 9). 

Landscapes with 100% forest or open harbour fewer exotic species than completely 

disturbed landscapes. 
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Fig 8. The average occurrence probability change (average occurrence probability 

change from 0% NLC-O to others, e.g. the NLC-O at 1x1 km resolution increases 

from 0% to 11%) of different species groups. a, all native species vs exotic species. b, 

threatened species vs not threatened species. c, rare species vs common species. d, Rare 

species vs common species, but rare species are classified into three categories (i.e. very 

rare, rare, rather rare) according to the Red List of Vascular Plants of the Netherlands 

(Sparrius, L. B., Odé, B., & Beringen, R, 2014). Lines represent the best-fit regressions. 
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Fig 9. The average occurrence probability change (average occurrence probability 

change from 0% NLC-F to others, e.g. the NLC-F increases from 0% to 11%) of 

different species groups. a, all native species vs exotic species. b, threatened species vs 

not threatened species. c, rare species vs common species. d, Rare species vs common 

species, but rare species are classified into three categories (i.e. very rare, rare, rather rare) 

according to the Red List of Vascular Plants of the Netherlands (Sparrius, L. B., Odé, B., 

& Beringen, R, 2014). Lines represent the best-fit regressions. 

 

Preference of threatened, rare and exotic species for natural landscapes 

Much of the effort in nature conservation is aimed at rare or threatened species (Levin et 

al., 1996), e.g. those on the EU Natura 2000 lists. Our results support this investment, as 

threatened and rare species are more dependent on natural landscapes than other species. 

This is probably because threatened and rare species have more specific abiotic 

preferences or are more susceptible to disturbances and interspecific competition (Levin 

et al., 1996; Gurevitch and Padilla, 2004), and conditions may be met more often in high 

NLC areas (e.g. protected areas (Jackson et al., 2009)). However, some natural open 

renimants in human dominated areas can also be refuge of some rare species (Mckinney, 
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2002; Lundholm and Richardson, 2010). 

Exotic species are less likely to occur in landscapes with relatively high NLC and 

NLC-O. One possible reason is that they are more capable of invading disturbed habitats 

(Maskell et al., 2006) but less so in high NLC areas with more native species (Levine, 

2000; Kennedy et al., 2002; Ruijven et al., 2003; Fargione and Tilman, 2005; Oakley and 

Knox, 2013), where interspecific competition may be stronger (Corbin and D'Antonio, 

2004). Exotic woody species also had a higher occurrence probability in highly forested 

areas. This may be an artifact from the overrepresentation of woody species in the Dutch 

exotic flora (S13 Fig). 

 

Comparing the effect of NLC to soil types and bioclimate 

Although we focus on species conservation by exploring the relationships between land 

cover and plant species, we also compared the effect of land cover factors to other factors 

(ten soil types and five bioclimatic variables), the importance of which have been indicated 

by many studies (e.g. (Titeux et al., 2009)). Our results indicate that NLC is often the most 

important factor to plant species presence, although the importance decreases when we 

consider NLC-F and NLC-O separately. One reason for NLC to be so important, may be 

its close relation to local microclimate (Yates et al., 2000; Foley et al., 2005; Luskin and 

Potts, 2011), in combination with the relatively similar macroclimatic conditions across 

the Netherlands. In general, NLC modulates macroclimatic conditions (i.e. WorldClim-

derived data) and thus affects plant species presence (Frenne et al., 2013; Harwood et al., 

2014) in addition to climate. Interestingly, NLC was much more important than soil and 

bioclimatic factors for the presence of native species, while the opposite was true 

for exotic species (Table 1). 

 

Conclusion and management implications  

In conclusion, this nationwide study assessing an unprecedented number of species has 

shown that NLC is strongly related to plant species’ presence. Interestingly, particularly 

in the light of ongoing loss of NLC, this study is the first to quantify these relationships. 

Most species, particularly species of conservation concern, prefer landscapes with higher 

than 50% NLC (e.g. natural wetland, grassland, heathland or forest). This is a strong 

contrast to the current landscapes in the Netherlands, i.e. few landscapes have NLC higher 

than 50%. Thus, protecting natural landscapes, particularly landscapes with substantial 

NLC, is greatly beneficial to species conservation and should be the priority goal. On this 

basis, increasing the area of natural elements in landscapes will increase the occurrence 

probability of most species, with the highest marginal increase in strongly disturbed 

landscapes. Moreover, most species prefer natural areas with a mixture of forest and open 

areas. Thus, a landscape with a mixture of different natural types is better for plant 

biodiversity in general, and also for threatened species, than an area with one type of 

natural cover (natural forest or open area). Following mixed landscapes, areas with natural 

open cover should have the higher priority of conservation than with natural forest cover 

since threatened and rare species are more likely to occur in landscapes with high NLC-O 

but low NLC-F. Finally, conservation initiatives should aim to increase NLC, by the 

combination of maintaining current natural cover and restoring disturbed landscapes. 



 

44 
 

While landscapes with approx. 60% will conserve common native species, high levels 

(>80%) will best aid very rare and threatened species. We hope that this work will help 

government and conservation agencies to improve conservation guidelines, focus their 

efforts on natural areas and increasing natural elements and natural habitat types in 

artificial areas and in this way stand a better chance to realize their national and regional 

biodiversity strategy targets. Our method can also be used in other regions to help local 

governments identify species of particular concern from the stressor of natural areas 

decrease and identify landscapes with which extent of NLC does species prefer. 
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Supporting information 

Sensitivity analysis for removing grids with more than 10% open water 

Since the land cover of open water does not support vascular plants, including cells 

with large amounts of open water may introduce a bias due to the species-area relationship. 

We therefore omitted cells with more than 10% open water, following as did (Rachelle et 

al., 2011; Clark et al., 2019). We further used 850 species to check the effect of this 

omission on the occurrence frequency of species, which represents the occurrence 

probability of species to some extent, based on grid cells with land cover more than 90% 

and land cover equalling 100% (Equation 1-2). Results were shown in S1 Fig. Our 

sensitivity analysis showed that the average occurrence frequency from grid cells with 

land cover more than 90% are almost highly 1:1 linearly correlated to occurrence 

probability from grid cells with land cover equalling 100%. Based on sensitivity analysis 

and references above, we decided grid cells with more than 90% land cover are acceptable. 

The average occurrence frequency of each species (𝐴𝑂𝐹𝑖𝑗) either based on either 

grid cells with land cover more than 90% or land cover equalling 100% was calculated by 

𝑂𝐹𝑖𝑗 = 𝑁𝑖𝑗/𝑁𝑖       Equation 1. 

 

                           𝐴𝑂𝐹𝑖𝑗 = ∑ 𝑂𝐹𝑖𝑗
𝑖=𝑛<=100
𝑖=0 /𝑛                           Equation 2. 

Where, 𝑁𝑖𝑗 is the number of grids with natural land cover (NLC) equalling i and 

occupied by species j and 𝑁𝑖 is the number of grids with NLC equalling i. 𝑂𝐹𝑖𝑗  is the 

occurrence frequency of species j in all grids with NLC equalling i. 

 

Calculation of plant species richness responding to NLC 

Predicted richness~NLC relationships. Based on the response curve, we predicted 

the richness~NLC relationship. First, for each NLC, we calculated the number of species 

with occurrence probability above 80% and took it as the richness corresponding to the 

NLC. Further, we gave four different fitting models (null, linear, quadratic, exponential) 

and used AIC to choose the best fitting model with a significant p-value. Finally, the 

quadratic model was the best fitting model with a significant p-value. 

Richness~NLC relationships based on real observations. First, we overlaid species 

occurrence data with grid cells with different NLCs. Then, we calculated the number of 

species occurring in each grid and analysed the relationships between richness and NLC. 

 

3. Average marginal occurrence probability increase 

The average marginal occurrence probability change of all plant species with 1% 

NLC increase was calculated by 

𝑂𝑃𝑖 = ∑ (𝑂𝑃𝑖𝑗 − 𝑂𝑃(𝑖−1)𝑗)
𝑗=𝑛
𝑗=1 𝑛⁄                            Equation 3. 
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where 𝑂𝑃𝑖  is the average marginal occurrence probability change, 𝑂𝑃𝑖𝑗  is the occurrence 

probability of species j at NLC i%, 𝑂𝑃(𝑖−1)𝑗 is the occurrence probability of species j at 

NLC (i-1)%. n is the number of species. 
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S1 Table. Land cover types in this research. 

Rank Classes in Marshall (2018) Merged classes in our study 

Natural/non-natural 

area 

Natural forest/open 

1 Heather Natural area Natural open 

2 Urban green Natural area Natural open 

3 Semi-natural forest Natural area Natural forest 

4 Production forest Natural area Natural forest 

5 Swamp peat Natural area Natural open 

6 Semi-natural grassland Natural area Natural open 

7 Dune Natural area Natural open 

8 River swamp Natural area Natural open 

9 Crop Non-natural area  

10 Fruit Non-natural area  

11 Pasture Non-natural area  

12 Urban grey Non-natural area  

13 Greenhouse horticulture Non-natural area  

14 Other agricultural uses Non-natural area  

15 Fresh water exclude  

16 Brackish water exclude  

 

S2 Table. Full table of results.xlsx (https://doi.org/10.1371/journal.pone.0259255.s003) 

 

S3 Table. PCA for 19 bioclimatic variables. The first five principal components 

explained more than 90% of the variability in the full suite of 19 bioclimatic variables. 

https://doi.org/10.1371/journal.pone.0259255.s003
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S4 Table. Spearman’s test for all 18 variables included in this research.xlsx 

(https://doi.org/10.1371/journal.pone.0259255.s005) 

 

 Variance % of var. Cumulative % of var. 

Dim.1 8 42.1 42.1 

Dim.2 5.3 28.1 70.1 

Dim.3 2.4 12.9 83 

Dim.4 1.2 6.4 89.4 

Dim.5 0.7 3.9 93.3 

Dim.6 0.4 2 95.3 

Dim.7 0.3 1.7 97 

Dim.8 0.2 1 98 

Dim.9 0.1 0.7 98.7 

Dim.10 0.1 0.5 99.2 

Dim.11 0.1 0.3 99.5 

Dim.12 0 0.1 99.7 

Dim.13 0 0.1 99.8 

Dim.14 0 0.1 99.9 

Dim.15 0 0 99.9 

Dim.16 0 0 100 

Dim.17 0 0 100 

Dim.18 0 0 100 

Dim.19 0 0 100 

https://doi.org/10.1371/journal.pone.0259255.s005
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S1 Fig. The average occurrence frequency based on grid cells with more than 90% 

land cover vs grid cells with 100% land cover. Each point indicates one plant species. 

The x axis means the average occurrence frequency based on all grid cells with 100% 

land cover. The y axis means the average occurrence frequency based on all grid cells 

with more than 90% land cover. 

 

 

S2 Fig. 4 773 313 observations of plant species. 
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S3 Fig. Response curves of 1 525 plant species (both native and exotic species) to 

natural land cover.pdf (https://doi.org/10.1371/journal.pone.0259255.s008) 

 

 

 

S4 Fig. 230 threatened plant species responding to natural land cover (NLC). 2 

species with a significantly neutral (without a relationship, named ‘None’) response were 

omitted as not preferring any NLC. a-h, Response curves of plant species to NLC. k-l, 

Summary statistics of preferred NLCs. a, Summary of all 230 threatened plants responding 

to NLC (with percentages in parentheses). b-d, Response curves of species with increasing 

(each red line indicates one species) (b), unimodal (each blue line indicates one species) 

(c) and decreasing (each green line indicates one species) (d) relations with NLC. The 

dark black line is the average response curve of each species group. The yellow line 

indicates the standardized proportion of grids with different NLCs in the Netherlands. 

Both the occurrence probability and the standardized proportion (percentage) range from 

0% to 100% and are indicated by the y axis. e-h, Species with unimodal shapes are split 

https://doi.org/10.1371/journal.pone.0259255.s008
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into four categories based on their preferred NLCs (e, species with preferred NLCs ranging 

from 0-25%; f, species with preferred NLCs ranging from 25-50%; g, species with 

preferred NLCs ranging from 50-75%; h, species with preferred NLCs ranging from 75-

100%). i-j, Statistics of preferred NLCs of all 230 threatened plant species (i, summary of 

230 plant species’ preferred NLCs; j, percentage of species in different categories, 

including 0%, 0-25%, 25-50%, 50-75%, 75-100% and 100%). k-l, Statistics of preferred 

NLCs of species with unimodal shapes (k, summary of plant species’ preferred NLCs; l, 

histogram of preferred NLCs of plant species with unimodal relations with NLC). All 

mean values are means ± SE. 

 

 

S5 Fig. 1 091 native plant species responding to the cover of natural forest area (NLC-

F). 24 species with ‘U-shaped’ responses were omitted as not ecologically realistic, and 6 

species with a significantly neutral (without a relationship, named ‘None’) response were 

omitted as not preferring any NLC-F. a-h, Response curves of plant species to NLC-F. k-

l, Summary statistics of preferred NLC-Fs. a, Summary of all 1 091 native plants 

responding to NLC-F (with percentages in parentheses). b-d, Response curves of species 
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with decreasing (each red line indicates one species) (b), unimodal (each blue line 

indicates one species) (c) and increasing (each green line indicates one species) (d) 

relations with NLC-F. The dark black line is the average response curve of each species 

group. The yellow line indicates the standardized proportion of grids with different NLC-

Fs in the Netherlands. Both the occurrence probability and the standardized proportion 

(percentage) range from 0% to 100% and are indicated by the y axis. e-h, Species with 

unimodal shapes are split into four categories based on their preferred NLC-Fs (e, species 

with preferred NLC-Fs ranging from 0-25%; f, species with preferred NLC-Fs ranging 

from 25-50%; g, species with preferred NLC-Fs ranging from 50-75%; h, species with 

preferred NLC-Fs ranging from 75-100%). i-j, Statistics of preferred NLC-Fs of all 1 091 

native plant species (i, summary of 1 091 plant species’ preferred NLC-Fs; j, percentage 

of species in different categories, including 0%, 0-25%, 25-50%, 50-75%, 75-100% and 

100%). k-l, Statistics of preferred NLC-Fs of species with unimodal shapes (k, summary 

of plant species’ preferred NLC-Fs; l, histogram of preferred NLC-Fs of plant species with 

unimodal relations with NLC-Fs). All mean values are means ± SE. 
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S6 Fig. 1 121 native plant species responding to the cover of natural open area (NLC-

O). 4 species with ‘U-shaped’ responses were omitted as not ecologically realistic. a-h, 

Response curves of plant species to NLC-O. k-l, Summary statistics of preferred NLC-Os. 

a, Summary of all 1 121 native plants responding to NLC-O (with percentages in 

parentheses). b-d, Response curves of species with decreasing (each red line indicates one 

species) (b), unimodal (each blue line indicates one species) (c) and increasing (each green 

line indicates one species) (d) relations with NLC-O. The dark black line is the average 

response curve of each species group. The yellow line indicates the standardized 

proportion of grids with different NLC-O in the Netherlands. Both the occurrence 

probability and the standardized proportion (percentage) range from 0% to 100% and are 

indicated by the y axis. e-h, Species with unimodal shapes are split into four categories 

based on their preferred NLC-Os (e, species with preferred NLC-Os ranging from 0-25%; 

f, species with preferred NLC-Os ranging from 25-50%; g, species with preferred NLC-

Os ranging from 50-75%; h, species with preferred NLC-Os ranging from 75-100%). i-j, 

Statistics of preferred NLC-Os of all 1 121 native plant species (i, summary of 1 121 plant 

species’ preferred NLC-Os; j, percentage of species in different categories, including 0%, 

0-25%, 25-50%, 50-75%, 75-100% and 100%). k-l, Statistics of preferred NLC-Os of 
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species with unimodal shapes (k, summary of plant species’ preferred NLC-Os; l, 

histogram of preferred NLC-Os of plant species with unimodal relations with NLC-Os). 

All mean values are means ± SE. 

 

 

S7 Fig. Preferred NLC-F and NLC-O of native plant species, which are classified into 

threatened and not threatened species. a, Two-dimensional plot indicating the preferred 

NLC-F and NLC-O of each species. Each dot indicates one species. Red dots indicate 

threatened species and blue dots indicate not threatened species. b, Number of dots within 

each subgroup along the x axis (0%, 0-25%, 25-50%, 50-75%, 75-100% and 100%). c, 

Number of dots within each subgroup along the y axis (0%, 0-25%, 25-50%, 50-75%, 75-

100% and 100%). 
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S8 Fig. Preferred NLC-F and NLC-O of native plant species, which are classified into 

rare and common species. a, Two-dimensional plot indicating the preferred NLC-F and 

NLC-O of each species. Each dot indicates one species. Yellow dots indicate rare species 

and turquoise dots indicate common species. b, Number of dots within each subgroup 

along the x axis (0%, 0-25%, 25-50%, 50-75%, 75-100% and 100%). c, Number of dots 

within each subgroup along the y axis (0%, 0-25%, 25-50%, 50-75%, 75-100% and 100%). 
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S9 Fig. Contingency Analysis on whether threatened status, rarity and origin affect 

the preferred NLC, NLC-F and NLC-O. a1-a3, Differences of preferred NLC within 

groups of threatened status, rarity and origin. b1-b3, Differences of preferred NLC-F 

within groups of threatened status, rarity and origin. c1-c3, Differences of preferred NLC-

O within groups of threatened status, rarity and origin. Preferred NLC, NLC-F and NLC-

O mean the preferences for natural land cover (preferred NLC), the cover of natural forest 

area (preferred NLC-F) and the cover for natural open area (preferred NLC-O). 
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S10 Fig. 403 exotic plant species responding to natural land cover (NLC). 7 species 

with a significantly neutral (without a relationship, named ‘None’) response were omitted 

as not preferring any NLC. a-h, Response curves of plant species to NLC. k-l, Summary 

statistics of preferred NLCs. a, Summary of all 403 exotic plants responding to NLC (with 

percentages in parentheses). b-d, Response curves of species with decreasing (each red 

line indicates one species), unimodal (each blue line indicates one species) and increasing 

(each green line indicates one species) relations with NLC. The dark black line is the 

average response curve of each species group. The yellow line indicates the standardized 

proportion of grids with different NLC in the Netherlands. Both the occurrence probability 

and the standardized proportion (percentage) range from 0% to 100% are indicated by the 

y axis. e-h, species with unimodal shapes are split into four categories based on their 

preferred NLCs (e, species with preferred NLCs ranging from 0-25%; f, species with 

preferred NLCs ranging from 25-50%; g, species with preferred NLCs ranging from 50-

75%; h, species with preferred NLCs ranging from 75-100%). i-j, Statistics of preferred 

NLCs of all 403 exotic plant species (i, summary of 403 plant species’ preferred NLCs; j, 

percentage of species in different categories, including 0%, 0-25%, 25-50%, 50-75%, 75-

100% and 100%). k-l, Statistics of preferred NLCs of species with unimodal shapes (k, 
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summary of plant species’ preferred NLCs; l, histogram of preferred NLCs of plant species 

with unimodal relations with NLC). All mean values are means ± SE. 

 

 

S11 Fig. The average marginal occurrence probability change of different species 

groups. a, All native species vs exotic species. b, Threatened species vs not threatened 

species. c, Rare species vs common species. d, Rare species vs common species, but rare 

species are classified into three categories (i.e. very rare, rare, rather rare) according to the 

Red List of Vascular Plants of the Netherlands [1]. Lines represent the best-fit regressions. 

The average marginal occurrence probability change means the average occurrence 

probability change with 1% natural land cover increase, e.g. natural land cover at 1x1 km 

resolution increases from 10% to 11%) 
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S12 Fig. Plants responding to natural land cover (NLC) at species-level and 

community-level. a, The occurrence probability of 1 122 native plant species responding 

to NLC. Each grey line indicates one species, and the dark line means the average response 

of all 1 122 native species. b, Predicted relationships of richness responding to NLC, with 

a best fitting quadratic model. c, Relationships of plant species richness responding to 

NLC based on observations, with a best fitting quadratic model. Lines represent the best-

fit regressions. 

 

 

S13 Fig. The percentage of woody and herbaceous species within each species 

category (native species vs exotic species). 
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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: Pollination mode, Vascular plants, (Semi-)natural habitats, Vegetation 

structure, Growth form, Spatial distribution 
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Introduction 

Pollination is a critical event in the reproduction of flowering plants (Shivanna and Tandon 

2014). Insect-pollination (allogamy), wind-pollination (allogamy) and self-pollination 

(autogamy) account for the majority of plant species in temperate areas (Kühn 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 insect-pollination, wind-pollination is still 

essential for the reproduction of approximately 12% plants (Ollerton et al., 2011; Rodger 

et al., 2021). In 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; Kühn et 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 (Kühn et al., 2006), temperature, precipitation and plant richness 

(Kühn 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 heights and 

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; Kühn et al., 2006; Varassin and 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 and Potts 2011; Varassin and 

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-Castaño and Vilà 2012; Varassin and 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 between 

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). 
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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 increase 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 assess the interaction between 

habitat type and 3D vegetation as determinants of pollination mode occurrence. 

 

Material 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 × 

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 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 × 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 used 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 × 100 m 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 2007 to 2012. For a full description of the vegetation 

structure calculation, see (Aguirre-Gutiérrez et al., 2017). 

https://desktop.arcgis.com/en/
http://www.ahn.nl/
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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 originates from the Dutch Vegetation Database (Hennekens 2018). 

Following Večeřa (Večeřa et al., 2021), plots without geo-referenced information or 

without sample size (i.e. the size of each sampled plot) or sample size < 1 m2 or > 1,000 

m2 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 m2 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 geo-referenced plots with sample sizes ranging from 1 to 

1,000 m2 (Fig. 1). These ranges reflect the sample sizes traditionally used 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 (Hämmerle et al., 2018; 

Večeřa et al., 2021). 

 

Figure 1. The distribution of 11,937 plots with coordinates and sample sizes between 1-

1000 m2 and matched with the habitat types map. Map projection: EPSG:28992, 

Amersfoort / RD New. 

 

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 (Table1). Further, 
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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 the 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 Table1. 

Table 1. 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 (41/7) 

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 

 

Percentage of species with different pollination modes in all grid cells and 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 and 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 
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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 3 clusters. A ternary plot (Hamilton and 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 > |.7|, (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 modeling 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 × 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) (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. Kühn 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 structure were included. Grid cell identity and sample size were maintained as 

random effects. Secondly, 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 
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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). 

 

 

Figure 2. Percentages of species with different pollination modes in each of seven habitat 

types for (A) all plants, (B) woody species, (C) herbs and (D) grasses. In this ternary graph, 

different colors indicate distinct habitat types and different shapes mean statistically 

different clusters (cluster analysis by compositions). The average number of species in 

each habitat type can be found in Appendix I. 

 

The distribution of pollination modes related to 3D vegetation structure 
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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. 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). 

 

 

Figure 3. 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. 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. 

 

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, 

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 
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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 showed significant patterns. Those species increased with 

canopy density of strata from 2 to 5 m but decreased with denser canopies of other 

vegetation strata. 

 



Chapter 3 | The distributions of insect, wind and self pollination of plants in the 

Netherlands in relation to habitat types and 3D vegetation structure 

77 

 

3 

 

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-
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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. 

 

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). 

Table 2. 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 AIC P.Value 

(compare 

to m1) 

Significance 

 Insect m1 61097.08 - * 

- Insect m2 61171.36 <0.001 * 

- Insect m3 61279.10 <0.001 * 

- Insect m4 62543.69 <0.001 * 

 Self m1 55183.43 - * 



Chapter 3 | The distributions of insect, wind and self pollination of plants in the 

Netherlands in relation to habitat types and 3D vegetation structure 

79 

 

3 

- Self m2 55243.16 <0.001 * 

- Self m3 55323.67 <0.001 * 

- Self m4 56447.58 <0.001 * 

- Wind m1 56167.93 - * 

- Wind m2 56273.08 <0.001 * 

- Wind m3 56289.06 <0.001 * 

- Wind m4 57366.12 <0.001 * 

Specialized Insect m1 26532.72 - * 

Specialized Insect m2 26533.91 0.002 * 

Specialized Insect m3 26627.18 <0.001 * 

Specialized Insect m4 26664.11 <0.001 * 

Specialized Self m1 2687.69 -  

Specialized Self m2 2640.07 1  

Specialized Self m3 2633.05 1  

Specialized Self m4 2629.68 1  
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Specialized Wind m1 51872.57 - * 

Specialized Wind m2 51928.90 <0.001 * 

Specialized Wind m3 51934.45 <0.001 * 

Specialized Wind m4 52878.98 <0.001 * 

 

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 (Kühn 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 (Kühn 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., (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 few (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 the 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 

across all (semi-)natural habitats, particularly in dunes.  

 

3D vegetation structure is correlated with the occurrence of pollination modes 
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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 Kühn et al., 2006; Rech et al., 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 

differs from (Rech et al., 2016), where wind-pollination is more frequent in open fields 

probably due to more diverse species composition in lower latitudes. 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, 
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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 Kühn et al. (Kühn 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 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 from the pollination mode.  
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Appendix I. The average number of species in each habitat type. 

  Habitat types Insect ± sd Wind ± sd Self ± sd 

All 

Dune 7.6 ± 5.0 5.9 ± 3.1 5.5 ± 3.6 

Heather 3.0 ± 3.2 4.9 ± 2.5 2.2 ± 2.5 

Production_forest 4.5 ± 3.7 5.6 ± 2.7 2.9 ± 2.8 

River_swamp 7.4 ± 5.4 4.8 ± 3.0 5.5 ± 4.2 

Semi_natural_forest 5.9 ± 4.5 5.8 ± 2.8 3.8 ± 3.3 

Semi_natural_grassland 7.1 ± 5.1 7.0 ± 3.7 5.5 ± 3.9 

Swamp_peat 4.1 ± 3.7 3.9 ± 2.5 3.6 ± 2.7 

Woody 

Dune 2.0 ± 1.6 0.7 ± 0.7 0.6 ± 0.9 

Heather 1.9 ± 1.1 1.7 ± 1.1 0.8 ± 0.8 

Production_forest 2.8 ± 1.9 3.2 ± 1.7 1.3 ± 1.0 

River_swamp 2.1 ± 1.5 0.6 ± 1.0 0.6 ± 0.8 

Semi_natural_forest 3.1 ± 2.2 2.8 ± 1.7 1.4 ± 1.2 

Semi_natural_grassland 1.6 ± 1.4 1.0 ± 1.1 0.5 ± 0.8 

Swamp_peat 1.4 ± 1.3 0.7 ± 0.7 0.6 ± 0.8 

Herb 

Dune 6.7 ± 4.4 0.8 ± 0.9 5.3 ± 3.4 

Heather 2.6 ± 3.4 0.6 ± 0.7 2.5 ± 2.7 

Production_forest 3.0 ± 3.5 0.7 ± 0.9 2.7 ± 2.9 

River_swamp 6.9 ± 4.9 1.6 ± 1.3 5.2 ± 3.9 

Semi_natural_forest 4.4 ± 4.1 0.8 ± 1.0 3.6 ± 3.3 

Semi_natural_grassland 7.0 ± 4.9 1.3 ± 1.2 5.5 ± 3.7 

Swamp_peat 4.0 ± 3.4 0.9 ± 1.0 3.7 ± 2.5 

Grass 

Dune 0.0 ± 0.0 4.9 ± 2.7 0.1 ± 0.3 

Heather 0.0 ± 0.0 3.2 ± 1.9 0.1 ± 0.4 

Production_forest 0.0 ± 0.0 2.5 ± 1.9 0.1 ± 0.2 

River_swamp 0.0 ± 0.0 3.5 ± 2.1 0.3 ± 0.5 

Semi_natural_forest 0.0 ± 0.0 3.2 ± 2.2 0.1 ± 0.3 

Semi_natural_grassland 0.0 ± 0.0 5.5 ± 3.1 0.2 ± 0.4 

Swamp_peat 0.0 ± 0.0 3.1 ± 2.1 0.0 ± 0.2 
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Appendix II. Estimates from GLMMs. 

Specializ

ed 

pollinati

on 

Growth_

form 

Pollina

tion_m

ode 

Interc

ept 

05to2 

m 

10to2

0 m 

2to5 

m 

5to10 

m 

- 
All_speci

es 
Insect 1.67 0.06 -0.05 0.03 -0.05 

- 
All_speci

es 
Self 1.39 0.04 -0.09 0 -0.08 

- 
All_speci

es 
Wind 1.66 -0.02 0 -0.01 0.01 

- Grasses Self -2.4 -0.2 -0.16 -0.02 -0.07 

- Grasses Wind 1.29 -0.01 -0.11 0 -0.05 

- Herbs Insect 1.48 0.02 -0.17 0.05 -0.05 

- Herbs Self 1.29 0.01 -0.16 0.01 -0.05 

- Herbs Wind -0.18 -0.09 -0.21 0.03 -0.01 

- 
Woody_s

pecies 
Insect 0.94 0.04 0.02 0.01 0.03 

- 
Woody_s

pecies 
Self -0.02 0.08 0.14 0.03 0.06 

- 
Woody_s

pecies 
Wind 0.63 -0.15 0.2 0.04 0.09 

Specializ

ed 

All_speci

es 
Insect 0.94 0.03 -0.1 0.07 -0.04 

Specializ

ed 

All_speci

es 
Self 0.12 -0.03 -0.08 -0.04 -0.04 

Specializ

ed 

All_speci

es 
Wind 1.63 0 -0.01 0 -0.01 

Specializ

ed 
Grasses Wind 1.29 0 -0.11 0 -0.05 

Specializ

ed 
Herbs Insect 0.92 -0.03 -0.08 0.08 -0.07 

Specializ

ed 
Herbs Self 0.16 0 -0.02 -0.03 -0.01 

Specializ

ed 
Herbs Wind 0.23 0 -0.04 -0.02 0.01 
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Specializ

ed 

Woody_s

pecies 
Insect 0.59 0.02 -0.08 0.04 -0.02 

Specializ

ed 

Woody_s

pecies 
Wind 0.82 -0.06 0.17 0.03 0.05 
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Appendix III. Canopy densities of four vegetation strata in each habitat type. 

Strata Habitat types Min Max 

Mean ± 

sd 

0.5to2 m Dune 0 27.3 

3.2 ± 

5.1 

0.5to2 m Heather 0 29.8 

1.2 ± 

2.4 

0.5to2 m Production_forest 0 19.3 

2.4 ± 

2.0 

0.5to2 m River_swamp 0 23.3 

3.5 ± 

4.5 

0.5to2 m Semi_natural_forest 0 44.6 

3.2 ± 

3.5 

0.5to2 m Semi_natural_grassland 0 56.8 

1.1 ± 

2.8 

0.5to2 m Swamp_peat 0 43.9 

2.4 ± 

5.0 

2to5 m Dune 0 28.5 

1.9 ± 

4.0 

2to5 m Heather 0 39.6 

2.3 ± 

3.7 

2to5 m Production_forest 0 24.5 

5.3 ± 

3.8 

2to5 m River_swamp 0 33.2 

4.7 ± 

6.5 

2to5 m Semi_natural_forest 0 46.5 

7.1 ± 

5.6 

2to5 m Semi_natural_grassland 0 34.3 

1.3 ± 

3.2 

2to5 m Swamp_peat 0 42.4 

1.1 ± 

3.2 

5to10 m Dune 0 40.0 

0.7 ± 

2.8 

5to10 m Heather 0 32.7 

2.8 ± 

4.9 

5to10 m Production_forest 0 54.2 

11.2 ± 

7.8 
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5to10 m River_swamp 0 34.0 

4.0 ± 

6.8 

5to10 m Semi_natural_forest 0 52.6 

12.5 ± 

8.3 

5to10 m Semi_natural_grassland 0 33.1 

1.2 ± 

3.4 

5to10 m Swamp_peat 0 18.3 

0.4 ± 

1.7 

10to20 m Dune 0 24.8 

0.2 ± 

1.5 

10to20 m Heather 0 47.5 

1.5 ± 

4.8 

10to20 m Production_forest 0 68.1 

31.2 ± 

13.0 

10to20 m River_swamp 0 35.0 

3.3 ± 

6.6 

10to20 m Semi_natural_forest 0 70.3 

28.1 ± 

15.0 

10to20 m Semi_natural_grassland 0 65.3 

1.3 ± 

5.6 

10to20 m Swamp_peat 0 23.4 

0.1 ± 

1.0 
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Appendix IV. Percentages of species with different pollination modes in each of seven 

habitat types. (A) the percentages of insect-, wind- and self-pollinated species in all grid 

cells. (B) the density of plots with different percentages of insect-, wind- and self-

pollinated species in all grid cells. 
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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. In this ternary graph, each 

colour indicates one habitat type.   
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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. In 

this ternary graph, different colours indicate different habitat types and different shapes 

mean statistically different clusters (cluster analysis by compositions).   
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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. In this ternary 

graph, each colour indicates one habitat type. 
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Appendix VIII. Responses of richness of all plants with different pollination modes to 

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

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

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

vegetation structure. 
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Appendix XII. Responses of richness of all plants with different specialized pollination 

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

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

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

to vegetation structure. 
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Appendix XVI. Responses of richness of plants with different pollination modes to each 

variable in the full mode. (A) for a canopy density of 0.5-2 m vegetation stratum. (B) for 

a canopy density of 2-5 m vegetation stratum. (C) for a canopy density of 5-10 m 

vegetation stratum. (D) for a canopy density of 10-20 m vegetation stratum. 
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Appendix XVII. Responses of richness of plants with different specialized pollination 

modes to each variable in the full mode. (A) for a canopy density of 0.5-2 m vegetation 

stratum. (B) for a canopy density of 2-5 m vegetation stratum. (C) for a canopy density of 

5-10 m vegetation stratum. (D) for a canopy density of 10-20 m vegetation stratum. 
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Appendix XVIII. Average canopy densities of four vegetation strata in each habitat type. 
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Abstract 

Aim: The interruption of plant-pollinator interactions may threaten global plant diversity, 

food security and ecosystem stability. Recent reports of strong declines of both insects and 

plants seem to point to insect decline as a driver of plant decline. However, it is still 

unknown whether these trends are linked and to what extent plant declines are related to 

insect-pollination, as plants often produce seeds without the need for insect pollinators. In 

this study, we hypotheses that the decline of pollinators may have shifted our plant 

communities away from insect-pollination over time.  

Location: The Netherlands 

Taxon: Pollinated plants 

Methods: We combine 625,247 vegetation plot data from 1930 to 2017 and plant traits to 

assess the changes in occurrences of plants pollinated by different modes. 

Results: The proportion of obligately insect-pollinated plants has declined ~10.4% while 

obligately wind-pollinated plants have increased ~9.6% over the last 87 years. The 

proportion of facultatively insect-pollinated plants has declined ~6.4% while facultatively 

wind-pollinated plants have increased ~9.6%. This proportional change reflects an 

absolute decline in the number of insect-pollinated species and increase in the number of 

wind-pollinated species over time in the Netherlands.  

Main conclusion: In conclusion, Dutch landscapes are losing insect-pollinated plant 

species, which are being replaced by wind-pollinated species, due to declines in 

pollination service. Based on our results, we encourage policies to address the 

conservation of insect pollinators to mitigate the decline of plants. 

 

Significance statement: Studies have reported alarming declines in insect or bee-

pollinated plants at national scale. However, it remains unknown whether and to what 

extent insect-pollinated species have declined in our ecosystem at the community level. 

Here we show declines in pollinator has shifted natural plant community away from insect-

pollination. 

 

Keywords: Temporal trends, Plant diversity, Plant community composition, Plant-insect 

interaction, Pollination modes, Insect-pollination decline, Natural landscapes 
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Introduction 

Plant-pollinator interactions rate among the most critical relationships in our planet’s 

ecosystems (Potts et al., 2016a; Potts et al., 2016b). Pollinator-dependent plants are an 

important component of global plant biodiversity and provide humans with 85% of the 

most important crops (Potts et al., 2010; Huang et al., 2021; Tscharntke, 2021; Dicks et 

al., 2021; Wei et al., 2021). Evidence suggests that approximately 80% of flowering plants 

are pollinated by insects, and that half would suffer over 80% reductions in seed 

production despite the fact that plants can often produce seed by wind or selfing (Ollerton 

et al., 2011; Rodger et al., 2021).  

In parallel, other studies show strong declines in the richness of terrestrial insects (Janzen 

& Hallwachs, 2021), hoverflies (Hallmann et al., 2021) and butterflies (Warren et al., 

2021), in the abundance of terrestrial insects (van Klink et al., 2020), hoverflies(Hallmann 

et al., 2021) and butterflies (Forister et al., 2021; Warren et al., 2021), and in the biomass 

of flying insects (Hallmann et al., 2021). This has raised the interest in understanding the 

role of insects in our ecosystems, in insect-plant interactions and insect conservation 

(Harvey et al., 2020). Biesmeijer et al. (2006) found evidence of declines in bees and 

insect-pollinated plants between two periods at the national scale in the Netherlands and 

the UK. Moreover, bee species decline is linked to loss of their preferred food plants 

(Scheper et al., 2014); plant species in the diet of declining bumblebee species were 

themselves declining, in contrast to those in the diet of stable and increasing species 

(Kleijn & Raemakers, 2008). It remains unclear, however, whether the declines in insects 

and insect-pollinated plants are linked, and to what extent the relative and absolute 

occurrence of insect-pollinated plants have shifted in relation to plants pollinated through 

selfing or by wind in natural ecosystems at the level of plant communities over time. 

Here we assess whether the pollination mode of plants (insect, wind, selfing) is correlated 

with their past and present occurrence in Dutch landscapes, hypothesising that the decline 

of pollinators may have shifted our plant communities away from insect-pollination. We 

assume that this shift might be more crucial to obligate outcrossers (Biesmeijer et al., 

2006), therefore we analyse obligate (i.e. a species only pollinated by a single mode, Table 

S1) and facultative (i.e. a species pollinated by more than one mode, Table S1) pollination 

separately. To adequately demonstrate such a shift, for each group, we evaluate temporal 

changes in both relative (i.e. proportion) and absolute richness of plants pollinated by 

different modes at the vegetation plot level by using long-term plot monitoring data of 

plant assemblages in the Netherlands (Hennekens, 2018). The 625,247 plots are spread 

over the Netherlands (Figure S1), and they span 87 years (1930 to 2017), with 1,425 native 

plant species included in the analysis. Some plots have been recorded multiple times 

(named resampled plots). We use them to assess fixed-site vegetation shifts. 

 

Materials and Methods 

Plant plot data 

We obtained vegetation plot data representing complete vascular plant species 

composition across the Netherlands from 1930-2017, from the Dutch Vegetation Database 

(Hennekens, 2018). Plot sizes vary with habitat types and they reflect those traditionally 

used by European phytosociology (Westhoff et al., 1978). All spore plants were excluded 
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since they do not reproduce via pollination. In a small number of cases, data are reported 

for subspecies, but we conducted analyses at the level of taxonomic species, thus 

trinomials were collapsed to binomials in the dataset before further analyses. 

 

Pollination modes 

Data of pollination modes were extracted from Biobase (2003), and included the 

pollination modes (insect, wind and selfing) of all native Dutch vascular plants. In this 

study, we used two pollination groups: obligate pollination (i.e. a species only pollinated 

by one mode) and facultative pollination (i.e. a species pollinated by more than one mode, 

e.g. a species is pollinated by insect, but also with other modes like wind or selfing as 

complementary in its pollination service), which represent different pollination strategies. 

Firstly, pollination modes were classified into insect-pollination, wind-pollination and 

self-pollination, and all plants were assigned a facultative classification for each of the 

three pollination modes (Table S1). Facultative pollination mode includes all species and 

each species may be assigned to one or more than one of the 3 categories (e.g. if a species 

is both insect and self-pollinated). Obligate pollination includes plants that only exhibit a 

single pollination mode (i.e. obligate insect-pollination, obligate wind-pollination and 

obligate self-pollination). Species which exhibit more than one pollination mode 

(facultative) are excluded in the obligate pollination categorization. 

 

The proportions of plants pollinated by different modes change over time 

From 1930 on, all plant plot data was classified into eight time periods: [1930, 1939], 

[1940, 1949], [1950, 1959], [1960, 1969], [1970, 1979], [1980, 1989], [1990, 1999], 

[2000-2017]. In each time period, for either facultative or obligate group, we calculated 

the proportion of plant species pollinated by each of three modes (𝑃𝑖) in each plot, 

𝑃𝑖 =  𝑁𝑖/𝑁           

𝑁𝑖 is the number of species pollinated by mode i (i.e. insect, wind or selfing). N is the sum 

of the number of insect, wind and self-pollinated species in each plot. 

We used a generalized linear model (GLM) with a logit distribution to assess temporal 

trends in the proportion of each pollination mode (𝑃𝑖) over the 8 time periods. Since we 

only measure the proportion of each pollination mode in each plot, we excluded the effect 

of plot sizes and locations. The final GLM formula is: The proportion of plant species 

pollinated by each mode ~ Time period*Pollination mode. These analyses were conducted 

in R version 4.0.3 (R Core Team, 2020) using the glmmTMB (Brooks et al., 2017) 

packages. 

 

The richness of plants pollinated by different modes change over time 

In each of the eight time periods, we calculated the species richness of each pollination 

mode in each plot. Due to the species-area relationship, we only kept plots which included 

sample size information, which will be treated as a random effect in the statistical models.  
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We used a generalized linear mixed model (GLMM) with a negative binomial distribution, 

which deals with overdispersion in a Poisson distribution, to assess temporal trends in the 

richness of each pollination mode. The plot size was treated as a random effect in the 

model. The final GLMM formula is: The richness of plant species pollinated by each mode 

~ Time period*Pollination mode + (1|plot size). Analyses were conducted in R version 

4.0.3 (R Core Team, 2020) using the glmmTMB (Brooks et al., 2017) packages. 

 

Comparison of the Ellenberg values (nitrogen) of plants pollinated by different modes 

The Ellenberg values were obtained from JUICE (https://www.sci.muni.cz/botany/juice/). 

Ellenberg values were assigned to species in our study. Finally, we got 1,071 species with 

Ellenberg values from JUICE. Tata was tested with a Kruskal-Wallis test and a post hoc 

multiple comparison test. 

 

Results and Discussion 

To disentangle the percentage changes of pollination modes in vegetation communities, 

we performed generalized linear models with a logit distribution. Results show a shift at 

community level of -1.3% for obligately insect-pollinated plants and +1.2% increase for 

obligately wind-pollinated plants per decade (Figure 1 a-b). Compared to obligate insect-

pollination, we found a weaker but still significant decline in the occurrence of facultative 

insect-pollination which we estimated to be decreasing by ~0.8% per decade (Figure 1 c-

d), although these species are less vulnerable to declines in insect-pollination services 

(Aguilar et al., 2006). The proportion of obligately self-pollinated plant species increased 

(~0.1% per decade), but facultatively self-pollinated plants decreased (~0.5% per decade) 

over time (Figure 1), due to the fact that most insect-pollinated plants are also facultative 

selfers. Our fixed-site analysis based on plots recorded multiple times shows the same 

trend (Figure S2-3). 

https://www.sci.muni.cz/botany/juice/
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Figure 1 Shifts in the occurrence of pollination modes over time. Given are model 

coefficient estimates (± s.e. indicated by bars) (a) and best fits with solid lines indicating 

estimated changes and dashed lines indicating 95% CIs (b) for obligate pollination, and 

model coefficient estimates (± s.e. indicated by bars) (c) and best fits with solid lines 

indicating estimated changes and dashed lines indicating 95% CIs (d) for facultative 

pollination, both from the generalized linear model (GLM) with a logit distribution (Table 

S2). In a and c, asterisks mean statistically significant (P < 0.05). 

 

To find out whether the shift of pollination modes in vegetation communities is due to 

changes in plant richness, we performed generalized linear mixed models with a negative 

binomial distribution. We show that, on average, vegetation plots in the Netherlands have 

lost three species during the 87 year period (Figure S7). Insect-pollinated plants account 

for most of the loss, with wind-pollinated plants showing a slight increase in richness over 

time (Figure 2 c-d). Plants that are obligate insect, wind or self-pollinated show similar 

patterns, with a gain in obligate wind pollinators (mostly grasses) and loss of insect-

pollinated species, adding up to a slight increase of plants with obligate pollination modes 

overall (Figure 2 a-b, Figure S6). The decreasing trend for insect-pollinated species is 
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consistent with previous findings from NW Europe (Biesmeijer et al., 2006; Carvalheiro 

et al., 2013; Goulson et al., 2015) and may result from a deficiency of insect pollinators 

(Lennartsson, 2002; Pauw & Hawkins, 2011). In summary, Dutch landscapes are losing 

insect-pollinated plant species, which are being replaced by wind-pollinated species. This 

is probably also happening in other areas of the world where pollinating insects are also 

declining. Since insect-pollinated plants represent ~80% of the earth’s flowering plants 

(Ollerton et al., 2011; Rodger et al., 2021), such a loss may greatly affect the future of our 

ecosystems and the services they provide. Results from analysis based on resampled plots 

(fixed sites) also show a great decline in facultative insect-pollination and self-pollination 

while increase in facultative and obligate wind-pollination (Figure S4-5, 8-9). 

 

Figure 2 Shifts in the richness of pollination modes over time. Given are model coefficient 

estimates (± s.e. indicated by bars) (a) and best fits with solid lines indicating estimated 

changes and dashed lines indicating 95% CIs (b) for the obligate pollination, and model 

coefficient estimates (± s.e. indicated by bars) (c) and best fits with solid lines indicating 

estimated changes and dashed lines indicating 95% CIs (d) for facultative pollination, both 

from the generalized linear mixed model (GLMM) with a negative binomial distribution 

(Table S3). In a and c, asterisks mean statistically significant (P < 0.05). 
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Our estimates of 1.3% decline in obligate insect-pollinated plants and 0.8% decline in 

facultative insect-pollinated plants per decade in the Netherlands reveal that plant 

communities have shifted away from insect-pollination in the last 87 years. This estimated 

loss rate fills the critical knowledge gap of quantifying the extent of decline in insect-

pollination at a level of plant communities (vegetation plot level) compared to previous 

findings (Biesmeijer et al., 2006), where bees and insect-pollinated plants declined at the 

national scale between two periods. 

 

Such a decline raises concern given the critical role of plant-pollinator networks for 

ecosystem functioning. Changes in plants within these networks may reflect the declines 

observed for some bee and hoverfly pollinators (Potts et al., 2010; Dicks et al., 2021). 

Even though a correlative study such as ours cannot definitively assign causality, the 

confluence of findings from controlled experiments of changes in plant-pollinator 

interactions over different period (Lennartsson, 2002), historical pollination rates from 

specimen (Pauw & Hawkins, 2011), and species occurrence tracked through time 

(Biesmeijer et al., 2006), all suggest that the decline of insect pollinators alter plant 

community composition. Moreover, the absence of a correlation between plant pollination 

modes and their Ellenberg values for nitrogen indicates that the observed decline of insect-

pollinated plants is not simply explained by nitrogen change tolerance of plants (Figure 3-

4). Carvalheiro et al. (2020) found a greater decline in richness of plants that are dependent 

on pollinators and prefer nutrient-rich environments than plants that are not dependent on 

pollinators and prefer nutrient-rich environments, which supports our conclusion. 

 

Figure 3 Comparison of the Ellenberg values (nitrogen) of plants obligately pollinated by 

different modes (n = 527, d.f. = 2, χ2 = 4.942). Boxplots show the range of Ellenberg 

values calculated across 1,071 plant species. Upper and lower box bounds represent the 
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75th and 25th percentiles, respectively, and the horizontal line represents the median value. 

Observed values are shown with asterisks. The database of Ellenberg values is from 

JUICE (https://www.sci.muni.cz/botany/juice/). 

 

 

Figure 4 Comparison of the Ellenberg values (nitrogen) of plants facultatively pollinated 

by different modes. a, nitrogen values between facultive insect-pollination and other 

pollination modes (n = 1,071, d.f. = 1, χ2 = 0.785). b, nitrogen values between facultive 

wind-pollination and other pollination modes (n = 1,071, d.f. = 1, χ2 = 0.069). c, nitrogen 

values between facultive self-pollination and other pollination modes (n = 1,071, d.f. = 1, 

χ2 = 4.449). Boxplots show the range of Ellenberg values calculated across 1,071 plant 

species. Upper and lower box bounds represent the 75th and 25th percentiles, respectively, 

and the horizontal line represents the median value. Observed values are shown with 

asterisks. The database of Ellenberg values is from JUICE 

(https://www.sci.muni.cz/botany/juice/). 

 

These results suggest that insect-pollination is important for plant persistence and for the 

composition of plant communities. Without mitigation efforts, declines of insect-

pollinated plants and their pollinators may continue in natural communities. This implies 

that policies should take effective strategies (e.g. habitat protection and reduce chemical 

pollution (Stefanescu et al., 2004; Goulson et al., 2015; Warren et al., 2021; Aguirre-

Gutiérrez et al., 2017)) to protect insect pollinators and mitigate declines in insect-

pollinated plants. An inspiration for this could be the IPBES pollinator report (Potts et al., 

2016b), the EU Pollinator Initiative 

(https://ec.europa.eu/environment/nature/conservation/species/pollinators/policy_en.htm) 

and other initiatives such as the Coalition of the Willing on Pollinators 

(https://promotepollinators.org/) and the Dutch Delta Plan for Biodiversity Recovery 

(https://www.samenvoorbiodiversiteit.nl/themas).  

https://www.sci.muni.cz/botany/juice/
https://www.sci.muni.cz/botany/juice/
https://ec.europa.eu/environment/nature/conservation/species/pollinators/policy_en.htm
https://promotepollinators.org/
https://www.samenvoorbiodiversiteit.nl/themas
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Supplementary Information 

Temporal trends in the proportions of plants pollinated by different modes in resampled 

grid cells at 1 km resolution in the same location (fixed sites) and recorded in different 

years 

To further support our analysis and test whether observed changes in the proportion of 

pollination modes is consistent at the site scale, we selected plots with georeferenced 

information and matched them with grid cells at 1 km resolution covering the whole 

Netherlands. Only grid cells that were sampled at multiple time points were retained 

(resampled grid cells). Since there might be more than one plot in each grid cell, we first 

calculate the average number of each pollination mode 𝐴𝑁𝑖 in each grid cell. Then, at each 

grid cell in each year, the proportion of each pollination mode (𝐺𝑃𝑖) in each grid cell was 

calculated 

𝐺𝑃𝑖 = 𝐴𝑁𝑖/ ∑ 𝐴𝑁𝑖        

We used a generalized linear mixed model (GLMM) with a logit distribution to assess 

temporal trends in the proportion of each pollination mode. The grid cell location was 

treated as a random effect in the model. The final GLMM formula is: The proportion of 

plant species pollinated by each mode ~ Year*Pollination mode + (1|grid cell location). 

Analyses were conducted in R version 4.0.3 (R Core Team, R Foundation for Statistical 

Computing, 2020) using the glmmTMB (Brooks et al., 2017) packages. 

 

Temporal trends in the richness of plants pollinated by different modes in resampled plots 

with the same size and within the same grid cell at 1 km resolution (fixed sites) and 

recorded in different years 

In each grid cell at 1 km resolution, for each plot size category, we kept a set of plots that 

shared the sample plot size and were recorded in multiple years. Those plot size categories 

that were only recorded once were excluded. For each set of resampled plots, we calculated 

the species richness of each pollination mode in each plot. 

We used a generalized linear mixed model (GLMM) with a negative binomial distribution 

to assess temporal trends in the richness of each pollination mode. The plot size and 

location were treated as random effects in the model. The final GLMM formula is: The 

richness of plant species pollinated by each mode ~ Year*Pollination mode + (1|plot size) 

+ (1|plot location). These analyses were conducted in R version 4.0.3 (R Core Team, R 

Foundation for Statistical Computing, 2020) using the glmmTMB (Brooks et al., 2017) 

packages. 

 

Temporal trends in the total richness of obligate and facultative pollination groups 

To test whether the total richness of species which exhibit multiple pollination modes 

(facultative) and exhibit only one mode (obligate) in vegetation plots change over time, in 

each of the eight time periods defined ([1930, 1939], [1940, 1949], [1950, 1959], [1960, 

1969], [1970, 1979], [1980, 1989], [1990, 1999], [2000-2017]), we calculated the total 

species richness of facultative or obligate pollination plants in each plot. Due to the 
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species-area relationship, we only kept plots which included sample size information, 

which will be treated as a random effect in the statistical models.  

We used a generalized linear mixed model (GLMM) with a negative binomial distribution 

to assess temporal trends in the total richness. The plot size was treated as a random effect 

in the model. The final GLMM formula is: The total richness ~ Time period + (1|plot size). 

These analyses were conducted in R version 4.0.3 (R Core Team, R Foundation for 

Statistical Computing, 2020) using the glmmTMB (Brooks et al., 2017) packages. 

 

Temporal trends in the total richness of pollination plants in resampled plots with the 

same size and within the same grid cell at 1 km resolution (fixed sites) and recorded in 

different years 

In each grid cell at 1 km resolution, for each plot size category, we kept a set of plots that 

shared the sample plot size and were recorded in multiple years. Those plot size categories 

that were only recorded once were excluded. For each set of resampled plots, we calculated 

the total species richness of facultative or obligate pollination plants in each plot. 

We used a generalized linear mixed model (GLMM) with a negative binomial distribution 

to assess temporal trends in the total richness. The plot size and location were treated as 

random effects in the model. The final GLMM formula is: The total richness ~ Year + 

(1|plot size) + (1|plot location). These analyses were conducted in R version 4.0.3 (R Core 

Team, R Foundation for Statistical Computing, 2020) using the glmmTMB (Brooks et al., 

2017) packages.  



 

124 
 

Table S1 Number of plant species with different pollination modes included in the 

analysis. 

Group Pollination_mode Freq Definition 

Obligate Insect 411 all plants only with insects 

as their pollination 

Obligate Wind 310 all plants only with wind as 

their pollination 

Obligate Self 32 all plants only with selfing 

as their pollination 

Facultative Insect 1055 all plants with insect as one 

of their pollination modes 

Facultative Wind 387 all plants with wind as one 

of their pollination modes 

Facultative Self 674 all plants with selfing as one 

of their pollination modes 
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Table S2 Significance of the factor year in GLMs testing effects on the proportion of 

plants pollinated by different modes based on all plots. 

Model 

description 

Fixed effects Z value P (two-

sided) 

Coefficients ± 

SE 

Proportions of 

obligate plants ~ 

year*pollination 

mode (binomial 

distribution) : 

n = 1,857,282; 

Intercept (insect) 33.93 <0.001 12.09 ± 0.356 

Year (insect) -36.74 <0.001 -0.007 ± 0 

Intercept (wind) -29.618 <0.001 -10.397 ± 

0.351 

Year (wind) 32.252 <0.001 0.006 ± 0 

Intercept (self) -17.04 <0.001 -23.292 ± 

1.367 

Year (self) 14.0153 <0.001 0.01 ± 0.001 

Proportions of 

facultative plants 

~ 

year*pollination 

mode (binomial 

distribution) : 

n = 1,875,741; 

Intercept (insect) 17.6243 <0.001 5.841 ± 0.331 

Year (insect) -19.438 <0.001 -0.003 ± 0 

Intercept (wind) -32.627 <0.001 -10.784 ± 

0.331 

Year (wind) 31.2261 <0.001 0.005 ± 0 

Intercept (self) 10.6327 <0.001 3.837 ± 0.361 

Year (self) -13.541 <0.001 -0.002 ± 0 
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Table S3 Significance of the fixed factor year in GLMMs testing effects on the richness 

of plants pollinated by different modes based on all plots. 

Model 

description 

Fixed effects Z value P (two-

sided) 

Coefficients 

± SE 

Richness of 

obligate plants ~ 

year*pollination 

mode (negative 

binomial 

distribution) : 

n = 1,313,091; 

Intercept (insect) 43.0383 <0.001 6.801 ± 

0.158 

Year (insect) -36.589 <0.001 -0.003 ± 0 

Intercept (wind) -14.487 <0.001 -1.938 ± 

0.134 

Year (wind) 29.0493 <0.001 0.002 ± 0 

Intercept (self) -34.38 <0.001 -25.762 ± 

0.749 

Year (self) 31.2262 <0.001 0.012 ± 0 

Richness of 

facultative plants 

~ 

year*pollination 

mode (negative 

binomial 

distribution) : 

n = 1,324,680; 

Intercept (insect) 56.1556 <0.001 7.558 ± 

0.135 

Year (insect) -40.29 <0.001 -0.003 ± 0 

Intercept (wind) -4.1996 <0.001 -0.592 ± 

0.141 

Year (wind) 19.208 <0.001 0.001 ± 0 

Intercept (self) 51.5003 <0.001 7.257 ± 

0.141 

Year (self) -38.296 <0.001 -0.003 ± 0 
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Table S4 Significance of the fixed factor year in GLMMs testing effects on the proportion 

of plants pollinated by different modes based on resampled plots. 

Model 

description 

Fixed effects Z value P (two-

sided) 

Coefficients 

± SE 

Proportions of 

obligate plants ~ 

year*pollination 

mode (binomial 

distribution) : 

n = 364,683; 

Intercept 15.1599 <0.001 10.814 ± 

0.713 

Year (insect) -16.446 <0.001 -0.006 ± 0 
 

-14.106 <0.001 -9.986 ± 

0.708 

Year: wind 15.333 <0.001 0.005 ± 0 
 

-5.6421 <0.001 -20.29 ± 

3.596 

Year: self 4.36778 <0.001 0.008 ± 

0.002 

Proportions of 

facultative plants 

~ 

year*pollination 

mode (binomial 

distribution) : 

n = 366,669; 

Intercept 

(insect) 

7.76959 <0.001 5.254 ± 

0.676 

Year (insect) -8.5825 <0.001 -0.003 ± 0 

Intercept 

(wind) 

-15.917 <0.001 -11.004 ± 

0.691 

Year (wind) 15.1676 <0.001 0.005 ± 0 

Intercept (self) 

5.58468 

<0.001 4.121 ± 

0.738 

Year (self) -6.9958 <0.001 -0.003 ± 0 
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Table S5 Significance of the fixed factor year in GLMMs testing effects on the richness 

of plants pollinated by different modes based on resampled plots. 

Model 

description 

Fixed effects Z value P (two-

sided) 

Coefficients 

± SE 

Richness of 

obligate plants ~ 

year*pollination 

mode (negative 

binomial 

distribution) : 

n = 382,122; 

Intercept 

(insect) 

9.6639 <0.001 2.68 ± 0.277 

Year (insect) -6.2071 <0.001 -0.001 ± 0 

Intercept 

(wind) 

-22.701 <0.001 -5.371 ± 

0.237 

Year (wind) 30.3959 <0.001 0.004 ± 0 

Intercept (self) -7.0754 <0.001 -9.477 ± 

1.339 

Year (self) 5.13044 <0.001 0.003 ± 0.001 

Richness of 

facultative plants 

~ 

year*pollination 

mode (negative 

binomial 

distribution) : 

n = 384,525; 

Intercept 21.624 <0.001 4.7 ± 0.217 

Year (insect) -12.37 <0.001 -0.001 ± 0 
 

-27.246 <0.001 -6.267 ± 0.23 

Year: wind 35.8696 <0.001 0.004 ± 0 
 

25.202 <0.001 5.784 ± 0.23 

Year: self -17.783 <0.001 -0.002 ± 0 
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Table S6 Significance of the factor year in GLMMs testing effects on the total richness of 

pollinated plants based on all plots. 

Model 

description 

Fixed effects Z value P (two-

sided) 

Coefficients 

± SE 

Richness of 

obligately 

pollinated plants ~ 

year (negative 

binomial 

distribution) : 

n = 437,697; 

Intercept 12.47 <0.001 1.511 ± 0.121 

Year 6.14 <0.001 0 ± 0 

Richness of 

facultatively 

pollinated plants ~ 

year (negative 

binomial 

distribution) : 

n = 441,560; 

Intercept 44.52 <0.001 5.935 ± 0.133 

Year -20.94 <0.001 0.001 ± 0 

 

Table S7 Significance of the fixed factor year in GLMMs testing effects on the total 

richness of pollinated plants based on resampled plots. 

Model 

description 

Fixed effects Z value P (two-

sided) 

Coefficients 

± SE 

Richness of 

obligately 

pollinated plants ~ 

year (negative 

binomial 

distribution) : 

n = 127,374; 

Intercept -7.4 <0.001 -1.634 ± 

0.221 

Year 17.18 <0.001 0.002 ± 0 

Richness of 

facultatively 

pollinated plants ~ 

year (negative 

binomial 

distribution) : 

n = 128,175; 

Intercept 13.529 <0.001 3.246 ± 0.24 

Year -0.986 0.324 0 ± 0 
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Figure S1 Numbers of vegetation plots over time in the Netherlands.  
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Figure S2 Shifts in the occurrence of obligate pollination modes (obligate insect-, wind- 

and self-pollination) in resampled grid cells over time. Given are model coefficient 

estimates (± s.e. indicated by bars) (a) and best fits with solid lines indicating estimated 

changes and dashed lines indicating 95% CIs (b) from the generalized linear mixed model 

(GLMM) with a logit distribution (Table S4). In a, asterisks mean statistically significant 

(P < 0.05). 

 

 

Figure S3 Shifts in the occurrence of facultative pollination modes (facultative insect-, 

wind- and self-pollination) in resampled grid cells over time. Given are model coefficient 

estimates (± s.e. indicated by bars) (a) and best fits with solid lines indicating estimated 

changes and dashed lines indicating 95% CIs (b) from the generalized linear mixed model 

(GLMM) with a logit distribution (Table S4). In a, asterisks mean statistically significant 

(P < 0.05). 
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Figure S4 Shifts in the richness of obligate pollination modes in resampled plots over time. 

Given are model coefficient estimates (± s.e. indicated by bars) (a) and best fits with solid 

lines indicating estimated changes and dashed lines indicating 95% CIs (b) from the 

generalized linear mixed model (GLMM) with a negative binomial distribution (Table S5). 

In a, asterisks mean statistically significant (P < 0.05). 

 

 

Figure S5 Shifts in the richness of facultative pollination modes in resampled plots over 

time. Given are model coefficient estimates (± s.e. indicated by bars) (a) and best fits with 

solid lines indicating estimated changes and dashed lines indicating 95% CIs (b) from the 

generalized linear mixed model (GLMM) with a negative binomial distribution (Table S5). 

In a, asterisks mean statistically significant (P < 0.05). 

  



Chapter 4 | Dutch landscapes are losing insect-pollinated plants 

133 

4 
 

 

Figure S6 The total richness of three obligate pollination modes (obligate insect-, wind- 

and self-pollination) respond to time from the generalized linear mixed model (GLMM) 

with a negative binomial distribution (Table S6). 

 

 

Figure S7 The total richness of three facultative pollination modes (facultative insect, 

wind and self) respond to time from the generalized linear mixed model (GLMM) with a 

negative binomial distribution (Table S6). 
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Figure S8 The total richness of three obligate pollination modes (obligate insect-, wind- 

and self-pollination) in resampled plots (same location but recorded in different years) 

respond to time from the generalized linear mixed model (GLMM) with a negative 

binomial distribution (Table S7). 

 

Figure S9 The total richness of three facultative pollination modes (facultative insect, 

wind and self) in resampled plots (same location but recorded in different years) respond 

to time from the generalized linear mixed model (GLMM) with a negative binomial 

distribution (Table S7). 
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Abstract 

Decision-makers increasingly seek scientific guidance for their investment in biodiversity 

conservation, but questions remain on the effectiveness of protected areas and the role of 

different land-use types in species conservation at different scales. Using data from 19,477 

sites, we assessed plant diversity in three main land-use types (natural, rural and urban 

habitats) and the level of nature protection (being part of Netherlands’ Nature Network, 

Nature 2000 or not). Our results support protected areas and natural habitats as important 

refugees due to the highest gamma diversity. Protected areas and natural habitats sustain 

a high α-diversity of threatened and rare species, while unprotected areas and urban 

habitats sustain a high α-diversity of total plant species and native species across different 

scales. Our research supports the idea of valuing protected areas and natural habitats for 

species conservation, but also emphasizes the importance of unprotected areas and urban 

habitats as complementary methods for preserving biodiversity. 
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Introduction 

Biodiversity is fundamental to the functioning of Earth’s ecosystems, and it provides 

humans with food, goods, clean water, suitable climate and many other ecosystem services 

(IPBES, 2019, 2022). However, we are currently experiencing what has been termed the 

sixth mass extinction (Ceballos et al., 2015), with up to half a million species under 

imminent threat of extinction within a few decades (Ceballos et al., 2015; Vos et al., 2015; 

Johnson et al., 2017). Accelerating human impacts in the anthropocene are reshaping 

Earth’s ecosystems (IPBES, 2019, 2022). The abundance (Dornelas et al., 2019; 

Daskalova et al., 2020), richness (Baeten et al., 2010; Vellend et al., 2013; Dornelas et al., 

2014)  and composition (Dornelas et al., 2014) of biodiversity all over the world is being 

altered due to multiple drivers all associated with human activity, e.g. habitat conversion, 

climate change and nitrogen deposition (Sala et al., 2000; Brook et al., 2008; Cusack et 

al., 2016; Schulte To Bühne et al., 2021). It remains a question whether and how we can 

conserve biodiversity in a human-dominated world. 

The traditional approach to conserve biodiversity is to put land, particularly the most intact 

natural areas or biodiversity hotspots, under protection (Brooks et al., 2006; Watson et al., 

2016; Veach et al., 2017; Watson et al., 2018; Wintle et al., 2019). Ambitious policy 

targets include protected area targets of 30% of the planet by 2030 (Dinerstein et al., 2019) 

or even half of the terrestrial biota by 2050 (Locke, 2013; Dinerstein et al., 2017; Watson 

& Venter, 2017). However, given the failure of the 2011 - 2020 strategy of the CBD 

(Visconti et al., 2019; Hirsch et al., 2020) and conflict between species conservation and 

economy development (Brockington & Wilkie, 2015), it seems difficult to halt or even 

reverse the current trends of species decline by restricting conservation efforts to the 

protection of intact natural areas (Leclère et al., 2020; Obura et al., 2021). Besides, there 

is no assessment on whether these protected areas alone can sustain viable populations of 

all species of conservation concern. In fact, unprotected (natural) areas, i.e. areas not part 

of a nature protection regime, may also play an important role in biodiversity conservation.  

Natural habitats are often considered as the best areas for species conservation as they 

(mostly) lack major human disturbance, and includes the original environments of many 

species (Ridder, 2007; Bawa et al., 2020; Díaz et al., 2020). However, natural habitats 

only account for ~23% of the terrestrial habitat (Watson et al., 2018) with 2-3% being 

ecologically intact (Plumptre et al., 2021) and a minority of species being endemic to 

natural habitats (18% of plants and 10% of terrestrial vertebrates) (Mittermeier et al., 

2003). The percentage of natural habitats will continue to decline with human activities 

leading to their conversion to other land-uses, e.g. agriculture, infrastructure, industry and 

housing. Others suggest, however, that agricultural and urban habitats may be just as 

important as natural habitats for biodiversity conservation (Li et al., 2020; Lomba et al., 

2020; Turo & Gardiner, 2020; Uchida et al., 2021). 

Agricultural land makes up about a third of the Earth’s terrestrial surface (Li et al., 2020; 

Lomba et al., 2020)  and is considered to be a major direct driver of Anthropocene 

biodiversity loss (IPBES, 2019, 2022). However, agricultural practices are not detrimental 

to all species everywhere. Over the course of centuries of agricultural development, many 

wild species have adapted to or even became dependent on farmland habitats (Magioli et 

al., 2019). In fact, ‘wildlife-friendly’ farmlands are often seen as valuable ecosystems for 

biodiversity conservation, e.g. high nature value (HNV) farmlands in Europe (Fischer et 

al., 2012; Sutcliffe et al., 2015; Lomba et al., 2020). 
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Urban habitats, particularly urban greenspaces, are also increasingly recognized as 

valuable habitats for species conservation and biodiversity management (Dearborn & 

Kark, 2010; Shaffer, 2018; Soanes & Lentini, 2019; Soanes et al., 2019; Aronson et al., 

2014). Urban habitats may harbour many threatened and rare species (Ives et al., 2016), 

and the species inhabiting cities are capable of changing rapidly in response to 

anthropogenic environments (Alberti, 2015; Donihue & Lambert, 2015; Rivkin et al., 

2019).  

To what extent natural, urban and agricultural habitats are important to wild species is not 

yet fully understood. In addition, it may be context, species or habitat dependent, and will 

vary given the spatial scale and layout of the habitats in our landscapes. 

The overall aim of this study is to explore to what extent the three main land-use types 

(natural, rural and urban habitats) and the level of nature protection (not protected areas, 

areas being part of Netherlands’ Nature Network or being part of the Netherlands EU 

Natura 2000 network) contribute to the occurrences of different plant species. Our three 

research questions are: what is the contribution of land-use types (i.e. natural, rural and 

urban habitats) and the protection status of areas to (1) the occurrence of plant species at 

the level of the landscape (γ-diversity)? (2) plant occurrence at the site level (α-diversity)? 

and (3) the similarity of plant assemblages across neighbouring similar habitats (β-

diversity)? We assess this at the level of all plant species, all native plants and for the latter 

also in relation to their rarity and threat levels. We address question 2 and 3 at different 

spatial scales: from small scale (0.5 km squared) to landscape scale (two square kilometres) 

as occurrence patterns may be different at these scales.  

 

Materials and Methods 

Figure 1 summarises the workflow used to address each of the questions from the 

assignment of areas (‘grid cells’) to the different land-use types (natural, rural and urban) 

and to the different nature protection regimes (NNN=Netherlands’ Nature Network; 

Natura 2000), the selection of the well-sampled cells (WSC) to be included in the different 

analyses, the calculation of the alpha, beta and gamma diversity of plant species for the 

focal land-use and protection type and, for questions 2 and 3 at the scales of 0.5 km, 1 km 

and 2 km (Figure 1). 
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Figure 1 Flow chart detailing all analytical steps. NNN refers to the 'Netherlands' Nature 

Network, which includes all existing protected natural areas. WSC refers to well-sampled 

cells (see methods for detailed explanation). 

 

Study area 

The Netherlands has experienced a huge transformation in land-use from (semi-)natural 

habitats to human-used habitats (Hauser et al., 2016; The European environment, 2019), 

with an alarming decline in biodiversity (Biesmeijer et al., 2006; van Strien et al., 2019; 

The European environment, 2019). Nowadays, most of the country consists of human-

dominated landscapes with over 60% of the terrestrial surface being urban and rural 

habitats, and around 23% of terrestrial surface being (semi-)natural landscapes, including 

natural reserves spread across the whole country.  

 

Land-use and Natural reserves 

Natural, rural and urban habitats all have the potential to be biodiversity hotspots (Ives et 

al., 2016; Kowarik & Lippe, 2018; Salinitro et al., 2018). To compare the plant diversity 

between these habitats we define natural habitats as all natural or (semi-)natural habitats 

receiving little human disturbance and management, urban habitats include urban green 

(open space covered by vegetation in urban environment) and urban grey (all impervious 

areas in urban environment), and rural habitats include all other terrestrial habitats in the 

country (agricultural land) (Table S1). To derive a complete national dataset from which 

three habitat types could be obtained, we combined data from three national sources on 

land-use and land cover: summary of nature management in the Netherlands (Inter 

Provinciaal Overleg, 2016), basic registration of crops and agricultural parcels (Ministerie 

van Economische Zaken (EZK), 2015), and urban land-use (Centraal Bureau voor de 

Statistiek (CBS), 2012) using ESRI ArcGIS Desktop 10.2 (https://desktop.arcgis.com/en/). 

Three datasets included 175 land-use classes, which are aggregated into 14 terrestrial land-

use classes at a resolution of 10 x 10 m by Marshall (2018). We further re-classified 14 

classes into the three land-use types: natural, rural and urban habitats (Table S1). Next, we 

calculated the proportions of natural, rural and urban habitats in each 0.5 x 0.5 km cell 

using ArcGIS. We assigned a cell to a natural, rural or urban habitat if that type of habitat 

covered more than 90% (>= 90%) (following Zwaan et al., 2022). Only cells with <10% 

open water (equalling a land surface proportion of =>90% in each cell) were included in 

our analysis, following Desrochers et al., 2011 and Clark et al., 2019. As a result, we 

obtained three rasters, natural, rural and urban habitats. In the Netherlands, there are 

different types of nature reserves. In this study, we use two nature reserve datasets: the 

Nature Network of the Netherlands (NNN) and Natura 2000. These two datasets represent 

different conservation efforts. The NNN, which is the most complete natural conservation 

network, includes all types of protected areas in the Netherlands (the NNN is described 

more fully in https://www.rijksoverheid.nl/onderwerpen/natuur-en-

biodiversiteit/natuurnetwerk-nederland). Natura 2000 in the Netherlands is part of the 

European network of protected nature areas (https://www.government.nl/topics/nature-

and-biodiversity/natura-2000) and it reflects biodiversity conservation targets in Europe 

https://desktop.arcgis.com/en/
https://www.rijksoverheid.nl/onderwerpen/natuur-en-biodiversiteit/natuurnetwerk-nederland
https://www.rijksoverheid.nl/onderwerpen/natuur-en-biodiversiteit/natuurnetwerk-nederland
https://www.government.nl/topics/nature-and-biodiversity/natura-2000
https://www.government.nl/topics/nature-and-biodiversity/natura-2000
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(Sundseth & Creed, 2008; Trochet & Schmeller, 2013). All Natura 2000 areas are part of 

NNN, but not all NNN areas are part of Natura 2000. The spatial extent of NNN and 

Natura 2000 was obtained from the polygons of the NNN 

(https://www.atlasleefomgeving.nl/) and Natura 2000 (https://www.eea.europa.eu/). At 

the scale of 0.5 x 0.5 km, we calculated the proportions of NNN and Natura 2000 in each 

cell using ArcGIS. Finally, we retained all cells that are covered by over 90% of NNN, 

Non_NNN, Natura2000 or Non_Natura2000. 

 

Plant observation and plant groups 

To measure plant richness, i.e. numbers of species, we used presence-only records for 

vascular plants, which include seed plants, conifers, ferns and club mosses, in the 

Netherlands from the Dutch National Database of Flora and Fauna (NDFF, www.ndff.nl) 

collected in the period 2010-2017. We use species-level taxonomy, so we excluded 

records at genus and family level or with nomina dubia (e.g. ‘Geranium dissectum / molle 

/ pusillum’). The observations included were either point observations or polygons with 

areas smaller than 3 ha, with the latter indicating the presence of a species within a given 

area. All polygons were converted to points by taking the centroid of the polygon. Next, 

each observation was attributed to a 0.5 x 0.5 km cell, and only cells covered by either >= 

0.9 natural habitat, rural habitat, urban habitat. Natura2000, non_Natura200, NNN or 

non_NNN were retained.  

We analysed plant richness patterns for four nested plant species groups: all species 

(native+exotic spp.), native species, threatened species and (native) rare species. Data on 

threatened status, rarity and species origin (i.e. whether a species is a native species) were 

obtained from the Red List of Vascular Plants of the Netherlands (Sparrius et al., 2014). 

Since we were interested in differences between main categories, for the threatened status 

of species, we omitted species assigned as Data Deficient (DD), and reclassified 

Vulnerable (VU), Endangered (EN) and Critically Endangered (CR) as ‘threatened’. 

Group classifications of species are attributed to species in each cell. 

 

Well-sampled sites across different habitats at different scales 

To investigate plant richness in different habitats across different scales, we first estimated 

the sampling effort in each cell at 0.5 km scale using the iNEXT package in R (version 

2.0.20 (Hsieh et al., 2016)). In each cell, all species and records of each species were 

counted and stored in a matrix, and only cells with >= 3 species and 40 observations were 

retained in order to estimate sampling efforts by iNEXT. We used this matrix as the 

abundance data input for the iNEXT function to estimate the sampling efforts in each cell 

based on the coverage (i.e. the percentage of species that are sampled in each cell). iNEXT 

estimated the coverage based on three methods: interpolation (i.e. the coverage is 

estimated based on subset of observed species richness), observed (i.e. the coverage is 

estimated based on all observed species richness) and extrapolation (i.e. the coverage is 

estimated based on predicted species richness). If 0.8 coverages of cells could only be 

reached with extrapolation, we omitted them. Other cells with 0.8 coverages reached by 

interpolation and observation are considered to be well sampled cells (WSCs). For our 

questions on alpha and beta diversity patterns at different scales, we took each WSC as 

https://www.atlasleefomgeving.nl/
https://www.eea.europa.eu/
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the focal cell and upscaled it to 1 km (4 cells) and 2 km (16 cells) by joining neighbouring 

cells (any of the eight adjacent squares) of the same land-use type. We repeated this 

process 500 times to account for variability in the selection of neighbours. We excluded 

sites at 0.5 and 1 km that couldn't be aggregated to 2 km. Finally, we obtained 1836 sites 

in natural habitats, 1215 sites in rural habitats, 502 sites in urban habitats, 1618 sites in 

Natura 2000, 8288 sites in non-Natura 2000, 2087 sites in NNN and 3931 sites in non-

NNN. For each site, the list of species was obtained at each scale generated from the WSC 

across the 500 repetitions. 

 

Statistical Analysis 

To quantify how plant richness varied between habitats, we explored this at three levels: 

(i) the total number of plant species (at country-level) in natural habitats, rural habitat, 

urban habitats, Natural2000, non_Natura2000, NNN and non_NNN (the γ-diversity of 

each land-use), (ii) the total number of species at small scales (0.5-2 km) (α-diversity), and 

(iii) the similarity in plant species across cells of similar land-use (β-diversity). 

To quantify γ-diversity, we aggregated and counted all species by groups for each land-

use type. For species to be assigned to a land-use or protection category, at least >=1% of 

cells from that category needs to be with its records, to avoid that a species occurs 

occasionally in a habitat. 

To quantify the total number of species at different sites (α-diversity), plant species 

richness at each site across different scales (from 0.5-2 km) is calculated as the number of 

species pertaining to each group (all, native, threatened, native rare) in 500 runs. The non-

parametric Kruskal-wallis test was used to test whether there are significant differences in 

richness between different habitats. Richness at each site across different scales is 

calculated as the number of species with at least 1 record. 

To quantify β-diversity, we statistically tested for changes in species composition across 

different habitats. Firstly, we calculated Jaccard community similarities between each two 

sites with the vegdist in R package vegan (version 2.5-6, Oksanen, 2022). Furthermore, 

we tested for significant differences in community similarities between habitat types with 

Kruskal-wallis test. All analyses are conducted in R version 4.1.2 (R Core Team, 2021). 

 

Results 

Plant occurrence in relation to land-use types and habitat protection level at national level. 

Plant occurrence in relation to land-use types and habitat protection level at national level. 

The largest group of species (344, 34.3%) was found in all three land-use types, (Figure 

2a). In addition, 274 species (27.4%) were found exclusively in natural habitats, 190 

species (19%) in urban habitats and 3 (0.3%) in rural habitats. More species were found 

exclusively in protected habitats than in unprotected habitats. Overall, 29.6% of all species 

were found only in Natura 2000 sites. Conversely, 8.0% of all species were found only in 

non-Natura 2000 sites, with 62.4% found in both Natura 2000 and non-Natura 2000 sites 

(Figure 2b). Native species showed similar patterns to all species (Figure 2c-d), with more 
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species uniquely found in natural habitats (27.4% for native species), and Natura 2000 

habitats (26.7% for native species) than in urban habitats (11.8% for native species), rural 

(0.2% for native species) habitats, and non-Natura 2000 sites (8.1% for native species). 

Threatened and rare plant species showed different patterns, with a far greater proportion 

of species found exclusively in natural habitats (33.3% for threatened species and 42.9% 

for rare species) than in urban or rural habitats (Figure 2e-h). Urban habitats (15.5% for 

threatened species and 19.1% for rare species) sustained more unique species than rural 

habitats (7.5% for threatened species and 7.0% for rare species) (Figure 2e, g). More 

threatened species (43.4%) were found in both Natura 2000 and non-Natura 2000 sites 

than to one of them (Figure 2f). This is different for rare species, which were most 

commonly found in Natura 2000 sites (47.7%) (Figure 2h). 
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Figure 2 Plant species Richness (γ-diversity) in natural, urban or rural habitats and in 

habitats with different protection management (Natura 2000). a-b, numbers and 

proportions of all plant species that were found in different habitats (natural, rural, urban) 

and sites (Natura 2000 and non-Natura 2000). c-d, the same for native species. e-f, the 

same for threatened species. g-h, the same for native rare species. 

 

Plant α-diversity in relation to land-use types and habitat protection level. 

For all plants and all native plants, the number of species at a site (α-diversity) was higher 

in urban habitats than in natural habitats, and the richness in natural habitats was 

consistently higher than the richness in rural habitats across spatial scales (Figure 3a, c). 

The α-diversity for all plants and all native plants was higher in non-Natura 2000 habitats 

than in Natura 2000 habitats at different scales (Figure 3b, d). Moreover, the differences 

in richness between habitats increased as the scale of analysis increased from 0.5 to 2 km.  

Similarly, results for rare species showed that, on average, a greater number of species 

were found at a single urban site than in natural and rural sites at 1 km and 2 km scale 

(Figure 3g). There were more rare species in natural habitats than in urban habitats at 0.5 

km scale, but richness in both habitats was higher than in rural habitats. The α-diversity of 

rare plants in Natura 2000 habitats was significantly higher than in non-Natura 2000 

habitats at 0.5 km and 1 km scales (Figure 3h). 

In contrast, the number of threatened plant species at a site showed a different pattern. The 

highest richness of threatened species was found in natural habitats, and Natura 2000 

habitats (Figure 3e-f). Urban habitats sustained a higher richness than rural habitats 

(Figure 3e). 
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Figure 3 Species Richness (α-diversity) in different types of habitats or habitats with 

different protection management. a-b, α-diversity of all species in different habitats 

(natural, rural, urban habitats; Natura 2000 and non-Natura 2000 habitats). c-d, α-diversity 

of native species in different habitats (natural, rural, urban habitats; Natura 2000 and non-

Natura 2000 habitats). e-f, α-diversity of threatened species in different habitats (natural, 

rural, urban habitats; Natura 2000 and non-Natura 2000 habitats). g-h, α-diversity of rare 

species in different habitats (natural, rural, urban habitats; Natura 2000 and non-Natura 

2000 habitats). The value is mean ± sd. Significances between groups are indicated by ns 

(not significantly different) or stars (significantly different). Numbers of sites across each 

habitat and mean richness ± sd are in Table S2. 

 

Plant β-diversity in relation to land-use types and habitat protection level. 

All taxonomic groups differed significantly in their species-based community similarity 

coefficients (β-diversity) when categorised into natural, rural and urban sites, and Natura 

2000 and non-Natura 2000 sites. Kruskal-wallis tests detected that urban habitats have the 

strongest similarity in species-based community (all and native plants) composition while 

natural habitats have the strongest dissimilarity in species-based community composition 

at 0.5 km scale (Figure 4a, c). Community compositions of the three groups in Natura 

2000 were less similar than in non-Natura 2000 only at 0.5 km scale (Figure 4b, d).  

For threatened and rare species, the dissimilarity of species across sites in Natura 2000 

was stronger than in non-Natura 2000 (Figure 4f, h). Community composition of 

threatened species in natural habitats was less similar than in urban habitats, and rural 

habitats had the most homogenised species composition (Figure 4e). For rare species, 

natural habitats had the most heterogeneous species composition between communities at 

0.5 km scale (Figure 4g). However, urban communities were more heterogeneous in rare 

species than natural communities at 1 km and 2 km scales, while rural habitats have the 

most homogenised species compositions across sites. 
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Figure 4 Species Richness (β-diversity) in different types of habitats or habitats with 

different protection management. a-b, β-diversity of all species in different habitats 

(natural, rural, urban habitats; Natura 2000 and non-Natura 2000 habitats). c-d, β-diversity 

of native species in different habitats (natural, rural, urban habitats; Natura 2000 and non-

Natura 2000 habitats). e-f, β-diversity of threatened species in different habitats (natural, 

rural, urban habitats; Natura 2000 and non-Natura 2000 habitats). g-h, β-diversity of rare 

species in different habitats (natural, rural, urban habitats; Natura 2000 and non-Natura 

2000 habitats). The value is mean ± sd. Significances between groups are indicated by ns 

(not significantly different) or stars (significantly different). The number of sites across 

each habitat and mean richness - sd are in Table S3. 

 

Discussion 

Plants differ in their ecological preferences, which expresses itself in strong differences in 

spatial patterns of occurrence and distribution. That this leads to different vegetation types, 

each with a set of characteristic species is well-known and widely studied. Here the focus 

is often on the small subset of specialist plants that can be reliably located in the field 

based on one’s knowledge of the vegetation types and thus their typical ecological 

requirements. However, most plants can be found in a wider range of habitats, but their 

affiliation with, for example, natural habitats, agricultural land or urban areas is often less 

studied. Moreover, while the idea of protecting natural areas is to provide long-term 

viability for plant populations, it is not very clear whether this approach is sufficient for 

plant conservation. Understanding the above is important for plant conservation and our 

results contribute to this knowledge. 

 

More Dutch plant species are dependent on natural than on rural and urban habitats 

While many (native) species can be found across natural, rural and urban habitats, natural 

habitats sustain more species in general and more species of conservation concern (rare 

and threatened) than rural and urban habitats. In addition, many species are found 

exclusively in urban habitats, which supports previous studies (Schmidt et al., 2014; Ives 

et al., 2016). It implies that plant species have essential refuges in both natural habitats 

and urban habitats.  

For plant diversity at local scales, all, native and rare species show similar patterns of 

richness across scales, while threatened species are the only exception. Urban habitats 

have the highest alpha and beta diversity across all scales if we address all plant species 

or native species. At the 0.5 km scale, natural habitats harbour more rare species compared 

to the other land use types, although urban habitats sustain more rare species at larger 

scales. It means rare species diversities in different habitats are dependent on spatial scale, 

which has been discussed previously (Faeth et al., 2011). Urban habitats tend to consist of 

a wide variety of green patches, some natural remnants or (semi-)natural habitats 

harbouring a high plant diversity, while others support fewer species (Pautasso & 

McKinney, 2007; Kowarik & Lippe, 2018; Salinitro et al., 2018). Therefore, any given 

patch at a small scale may have fewer rare species than natural habitats, but these 

heterogeneous habitats combined at larger scale result in a higher diversity than natural 
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habitats. It implies that the increase in richness of rare species in natural and urban habitats 

is not simply explained by species-area relationships, but also explained by habitat 

diversity patterns. However, threatened species show a different pattern, with the highest 

diversity in natural habitats across scales. This may be because these species are often 

restricted to their original natural habitats, or because urbanization has a negative influence 

on threatened species at local scale (Schmidt et al., 2014), although some threatened 

species are found in urban remnants (Schmidt et al., 2014). 

Dutch urban habitats have higher plant richness than rural habitats, like in Germany 

(Deutschewitz et al., 2003; Kühn et al., 2004; Wania et al., 2006) and the USA (Hope et 

al., 2003). This is often explained by 1) urban areas being more heterogeneous than rural 

areas (Wania et al., 2006). A great variety of habitats (e.g. natural remnants, parks, traffic 

corridors, gardens, etc.) provides a wide range of ecological conditions for different 

species (Sukopp, 2004); 2) some urban patches being kept in early or mid-successional 

stage with high species diversity (Grime, 1973; Connell, 1978); 3) rural areas consisting 

mostly of agricultural land and that is managed intensively (e.g. planting, harvesting, 

fertilization, usage of herbicide, etc.). The area of (semi-)natural habitats in agriculture is 

limited, especially in the Netherlands (Manhoudt & Snoo, 2003; Cormont et al., 2016). 

While urban areas are covered by a larger proportion of green infrastructure (31.4% on 

average) and (semi-)natural habitats (12.5% on average) (https://www.eea.europa.eu/data-

and-maps/dashboards/urban-green-infrastructure-2018). 

The disproportionate representation of plant species, particularly threatened species, in 

nature identified in this study suggests that practitioners should strengthen the protection 

and restoration of natural habitats to maintain the persistence of plant diversity (Di Marco 

et al., 2019; Riggio et al., 2020). In addition, it is important to note that cities also contain 

opportunities for biodiversity conservation. We should act upon species conservation in 

urban areas by protecting (semi-)natural habitats and increasing connectivity with green 

corridors (Knapp et al., 2008; Hahs et al., 2009; Faeth et al., 2011), scientific planning 

(Gordon et al., 2009; Aronson et al., 2017) and nature-positive management of urban 

nature (e.g. green space along roads, yards and golf courts, green roofs) (Knapp et al., 

2008; Faeth et al., 2011; Aronson et al., 2017), construct urban habitats with room for 

native plant species (Tallamy, 2007; Faeth et al., 2011; Segar et al., 2022), improve the 

education on the importance of conserving biodiversity (Schwartz et al., 2002; Faeth et 

al., 2011). However, we have to be aware that some challenges, e.g. how to balance the 

needs of residents and conservation targets and allocate limited conservation investments, 

of conserving species in urban areas also need to be addressed (Schwartz et al., 2013; Turo 

& Gardiner, 2020). Finally, although this study shows that rural habitats have lower 

potential in sustaining species, we can strengthen species diversity in agriculture by 

various practices (Tscharntke et al., 2021). This may be a ‘second best’ for some species 

if the preferred option, extension of natural areas, is not an option. 

 

The importance of protected and unprotected habitats for plant species  

Nature conservation areas aim to protect species, habitats and ecosystems against local 

extinction and degradation. They make up only about 15% of the global land surface, with 

adequate levels of protection only in a subset of them (Ritchie & Roser, 2021). To what 

https://www.eea.europa.eu/data-and-maps/dashboards/urban-green-infrastructure-2018
https://www.eea.europa.eu/data-and-maps/dashboards/urban-green-infrastructure-2018
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extent protected areas are sufficient for nature protection is not always clear and it has 

been suggested that terrestrial biodiversity needs more than protected areas alone for their 

survival (Watson et al., 2014; Rada et al., 2019; Dähler et al., 2019).  

We evaluated the effectiveness of Natura 2000 for plants in the Netherlands. While Natura 

2000 sites are home to more threatened and rare plant species than non-Natura2000 sites, 

a larger share of plant species occurs in both types and some exclusively outside 

Natura2000 sites. The selection of protected areas is commonly dependent on high species 

richness, endemism and threatened habitats, which is supported by a better performance 

of protected areas in conserving threatened and rare species in this study. However, 

although a large percentage of biologically important areas may be protected, it doesn’t 

mean all species are protected (e.g. Duffy et al., 1999; Dimitrakopoulos et al., 2004). In 

addition, some species are human-tolerant or even dependent on human management and 

thus have profited from long-term human activities in the Netherlands (Vellak et al., 2009). 

This has led to the protection of small habitats in unprotected areas with focus on species, 

particularly threatened species, that are not covered in the protected area network. Small 

nature reserves have been considered by some to be as important as large protected areas 

(Higgs & Usher, 1980; Baldwin & Fouch, 2018). Despite the biodiversity found in 

unprotected habitats, overall, protected areas sustain more species, particularly for 

threatened and rare species, than unprotected areas. For example, 35%-46% (35% for 

Natura 2000 and 46% for NNN, Figure 2f; Figure S1c) of threatened species and 48%-56% 

(48% for Natura 2000 and 56% for NNN, Figure 2h; Figure S1d) of rare species are 

dependent on protected areas, and 33%-43% of threatened species and 23%-28% of rare 

species are found in both protected and unprotected areas, adding up to 79% of threatened 

species and 76%-79% of rare species being conserved by protected areas. These 

proportions of protected species exceed recommendations by IUCN (Sharrock et al., 2014). 

However, it is still a concern that not all threatened species are conserved in protected 

areas. 

Surprisingly, the protected areas (both of NNN and Natura 2000) have lower alpha and 

beta diversity of all species and native species than unprotected areas. It means 

unprotected areas in the Netherlands are particularly effective in maintaining common 

plant species, while protected areas are effective in conserving alpha and beta diversity of 

threatened and rare species, supporting the efforts of establishing protected areas for 

biodiversity conservation and mitigating the extinction risk of terrestrial biodiversity (Di 

Marco et al., 2019). Although unprotected areas sustain a higher alpha diversity of rare 

species at 2 km scale, which is probably because more diverse habitats are included at 

larger scale in unprotected areas, protected areas have more dissimilar plant communities 

across sites. Overall, sites from unprotected areas contained more native and exotic species 

than sites from protected areas. By contrast, protected areas consistently have higher 

richness of threatened and rare species. However, we admit that it is not clear from our 

correlative analysis whether the high richness of threatened and rare species is due to 

protection efforts or high pre-existing plant diversity . 

 

Implications 
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How can our findings guide conservation investments aimed at plant species? Combining 

site diversity (α-diversity) with across site similarity (β-diversity) showed that increasing 

protected areas and natural habitats will lead to the best conservation of plant species, 

particularly threatened and rare species. The next best option is to increase conservation 

efforts in urban habitats, taking into account that this also tends to benefit common and 

exotic species. While much conservation effort is currently geared towards improving 

agricultural biodiversity, our results suggest that it has only marginal value as rural 

habitats contain very few unique species and most others benefit (and potentially) more 

from natural and urban habitats. 
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Table S1. Land-use types used in this research. 

Rank Classes in Marshall (2018) Merged classes in our study 

1 Heather Natural habitat 

2 Semi-natural forest Natural habitat 

3 Production forest Natural habitat 

4 Swamp peat Natural habitat 

5 Semi-natural grassland Natural habitat 

6 Dune Natural habitat 

7 River swamp Natural habitat 

8 Crop Rural habitat 

9 Fruit Rural habitat 

10 Pasture Rural habitat 

11 Greenhouse horticulture Rural habitat 

12 Other agricultural uses Rural habitat 

13 Urban green Urban habitat 

14 Urban grey, which include 

all impervious areas 

Urban habitat 
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Table S2 Alpha diversity shown by mean richness and sd. 

Species Scale Habitat N Richness sd 

all_spp 0.5km Natural 1836 41 35 

all_spp 1km Natural 1836 180 93 

all_spp 2km Natural 1836 298 125 

all_spp 0.5km Rural 1215 31 24 

all_spp 1km Rural 1215 105 59 

all_spp 2km Rural 1215 206 83 

all_spp 0.5km Urban 502 47 52 

all_spp 1km Urban 502 335 159 

all_spp 2km Urban 502 503 203 

all_spp 0.5km Natura2000 1618 44 38 

all_spp 1km Natura2000 1618 187 101 

all_spp 2km Natura2000 1618 309 133 

all_spp 0.5km Non_Natura2000 8288 45 43 

all_spp 1km Non_Natura2000 8288 258 129 

all_spp 2km Non_Natura2000 8288 506 174 

all_spp 0.5km NNN 2087 43 36 

all_spp 1km NNN 2087 192 100 

all_spp 2km NNN 2087 312 131 

all_spp 0.5km Non_NNN 3931 41 43 

all_spp 1km Non_NNN 3931 216 140 

all_spp 2km Non_NNN 3931 411 186 

native_spp 0.5km Natural 1836 36 32 

native_spp 1km Natural 1836 159 82 

native_spp 2km Natural 1836 259 107 

native_spp 0.5km Rural 1215 28 23 

native_spp 1km Rural 1215 94 54 

native_spp 2km Rural 1215 182 74 

native_spp 0.5km Urban 502 37 45 
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native_spp 1km Urban 502 262 116 

native_spp 2km Urban 502 379 135 

native_spp 0.5km Natura2000 1618 38 34 

native_spp 1km Natura2000 1618 165 89 

native_spp 2km Natura2000 1618 269 113 

native_spp 0.5km Non_Natura2000 16576 40 39 

native_spp 1km Non_Natura2000 16576 239 118 

native_spp 2km Non_Natura2000 16576 417 123 

native_spp 0.5km NNN 2087 37 33 

native_spp 1km NNN 2087 169 89 

native_spp 2km NNN 2087 271 112 

native_spp 0.5km Non_NNN 3931 36 37 

native_spp 1km Non_NNN 3931 182 109 

native_spp 2km Non_NNN 3931 336 131 

threatened_spp 0.5km Natural 1836 3 4 

threatened_spp 1km Natural 1836 12 9 

threatened_spp 2km Natural 1836 19 13 

threatened_spp 0.5km Rural 1215 1 1 

threatened_spp 1km Rural 1215 2 2 

threatened_spp 2km Rural 1215 5 5 

threatened_spp 0.5km Urban 502 1 2 

threatened_spp 1km Urban 502 8 7 

threatened_spp 2km Urban 502 15 10 

threatened_spp 0.5km Natura2000 1618 4 4 

threatened_spp 1km Natura2000 1618 12 10 

threatened_spp 2km Natura2000 1618 20 13 

threatened_spp 0.5km Non_Natura2000 8288 2 2 

threatened_spp 1km Non_Natura2000 8288 7 6 

threatened_spp 2km Non_Natura2000 8288 19 12 

threatened_spp 0.5km NNN 2087 3 4 



Chapter 5 | Species conservation of protected areas and natural habitats are 

heterogeneous depending on scales and species groups 

165 

5 

 

threatened_spp 1km NNN 2087 12 10 

threatened_spp 2km NNN 2087 19 13 

threatened_spp 0.5km Non_NNN 3931 1 1 

threatened_spp 1km Non_NNN 3931 5 5 

threatened_spp 2km Non_NNN 3931 11 10 

native_rare_sp

p 0.5km Natural 1836 6 7 

native_rare_sp

p 1km Natural 1836 22 22 

native_rare_sp

p 2km Natural 1836 38 34 

native_rare_sp

p 0.5km Rural 1215 1 2 

native_rare_sp

p 1km Rural 1215 4 5 

native_rare_sp

p 2km Rural 1215 11 10 

native_rare_sp

p 0.5km Urban 502 4 5 

native_rare_sp

p 1km Urban 502 34 24 

native_rare_sp

p 2km Urban 502 60 36 

native_rare_sp

p 0.5km Natura2000 1618 6 8 

native_rare_sp

p 1km Natura2000 1618 24 23 

native_rare_sp

p 2km Natura2000 1618 41 35 

native_rare_sp

p 0.5km Non_Natura2000 16576 3 5 

native_rare_sp

p 1km Non_Natura2000 16576 19 18 

native_rare_sp

p 2km Non_Natura2000 16576 68 56 
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native_rare_sp

p 0.5km NNN 2087 6 8 

native_rare_sp

p 1km NNN 2087 23 23 

native_rare_sp

p 2km NNN 2087 39 35 

native_rare_sp

p 0.5km Non_NNN 3931 2 4 

native_rare_sp

p 1km Non_NNN 3931 15 18 

native_rare_sp

p 2km Non_NNN 3931 37 33 
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Table S3 Beta diversity shown by mean Jaccard similarity and sd. 

Species Scale Habitat Jaccard_value 

Jaccard_value_

sd 

All_spp 0.5km Natural 0.93 0.08 

All_spp 0.5km Rural 0.94 0.08 

All_spp 0.5km Urban 0.96 0.06 

All_spp 0.5km Natura2000 0.93 0.08 

All_spp 0.5km Non_Natura2000 0.96 0.06 

All_spp 0.5km NNN 0.93 0.08 

All_spp 0.5km Non_NNN 0.95 0.07 

All_spp 1km Natural 0.78 0.11 

All_spp 1km Rural 0.84 0.1 

All_spp 1km Urban 0.69 0.12 

All_spp 1km Natura2000 0.78 0.11 

All_spp 1km Non_Natura2000 0.76 0.1 

All_spp 1km NNN 0.78 0.11 

All_spp 1km Non_NNN 0.8 0.1 

All_spp 2km Natural 0.68 0.13 

All_spp 2km Rural 0.73 0.11 

All_spp 2km Urban 0.59 0.14 

All_spp 2km Natura2000 0.68 0.14 

All_spp 2km Non_Natura2000 0.59 0.1 

All_spp 2km NNN 0.68 0.13 

All_spp 2km Non_NNN 0.65 0.11 

Native_spp 0.5km Natural 0.93 0.08 

Native_spp 0.5km Rural 0.94 0.08 

Native_spp 0.5km Urban 0.96 0.06 

Native_spp 0.5km Natura2000 0.93 0.08 

Native_spp 0.5km Non_Natura2000 0.96 0.06 

Native_spp 0.5km NNN 0.93 0.08 
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Native_spp 0.5km Non_NNN 0.95 0.07 

Native_spp 1km Natural 0.78 0.11 

Native_spp 1km Rural 0.84 0.1 

Native_spp 1km Urban 0.66 0.14 

Native_spp 1km Natura2000 0.79 0.12 

Native_spp 1km Non_Natura2000 0.75 0.11 

Native_spp 1km NNN 0.78 0.11 

Native_spp 1km Non_NNN 0.79 0.12 

Native_spp 2km Natural 0.67 0.14 

Native_spp 2km Rural 0.73 0.11 

Native_spp 2km Urban 0.54 0.15 

Native_spp 2km Natura2000 0.67 0.15 

Native_spp 2km Non_Natura2000 0.55 0.11 

Native_spp 2km NNN 0.67 0.14 

Native_spp 2km Non_NNN 0.62 0.13 

Threatened_spp 0.5km Natural 0.94 0.14 

Threatened_spp 0.5km Rural 0.97 0.14 

Threatened_spp 0.5km Urban 0.97 0.11 

Threatened_spp 0.5km Natura2000 0.95 0.14 

Threatened_spp 0.5km Non_Natura2000 0.98 0.08 

Threatened_spp 0.5km NNN 0.95 0.13 

Threatened_spp 0.5km Non_NNN 0.98 0.1 

Threatened_spp 1km Natural 0.89 0.15 

Threatened_spp 1km Rural 0.97 0.12 

Threatened_spp 1km Urban 0.92 0.11 

Threatened_spp 1km Natura2000 0.89 0.15 

Threatened_spp 1km Non_Natura2000 0.97 0.06 

Threatened_spp 1km NNN 0.9 0.14 

Threatened_spp 1km Non_NNN 0.97 0.08 

Threatened_spp 2km Natural 0.85 0.16 
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Threatened_spp 2km Rural 0.96 0.1 

Threatened_spp 2km Urban 0.87 0.13 

Threatened_spp 2km Natura2000 0.85 0.16 

Threatened_spp 2km Non_Natura2000 0.93 0.07 

Threatened_spp 2km NNN 0.86 0.15 

Threatened_spp 2km Non_NNN 0.95 0.08 

native_rare_spp 0.5km Natural 0.95 0.12 

native_rare_spp 0.5km Rural 0.98 0.1 

native_rare_spp 0.5km Urban 0.96 0.1 

native_rare_spp 0.5km Natura2000 0.95 0.12 

native_rare_spp 0.5km Non_Natura2000 0.99 0.05 

native_rare_spp 0.5km NNN 0.96 0.11 

native_rare_spp 0.5km Non_NNN 0.99 0.06 

native_rare_spp 1km Natural 0.91 0.12 

native_rare_spp 1km Rural 0.98 0.07 

native_rare_spp 1km Urban 0.87 0.1 

native_rare_spp 1km Natura2000 0.91 0.12 

native_rare_spp 1km Non_Natura2000 0.97 0.05 

native_rare_spp 1km NNN 0.92 0.11 

native_rare_spp 1km Non_NNN 0.97 0.06 

native_rare_spp 2km Natural 0.87 0.14 

native_rare_spp 2km Rural 0.97 0.08 

native_rare_spp 2km Urban 0.81 0.14 

native_rare_spp 2km Natura2000 0.87 0.14 

native_rare_spp 2km Non_Natura2000 0.91 0.07 

native_rare_spp 2km NNN 0.89 0.13 

native_rare_spp 2km Non_NNN 0.93 0.08 
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Figure S1 Plant species richness (γ-diversity) in habitats with different protection 

management (NNN). a-d, all species, native species, threatened species and native rare 

species.   
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Figure S2 Plant species richness (α-diversity) in habitats with different protection 

management (NNN). a-d, all species, native species, threatened species and native rare 

species. 
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Figure S3 Plant species richness (β-diversity) in habitats with different protection 

management (NNN). a-d, all species, native species, threatened species and native rare 

species. 
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Figure S4 Proportions of land-use types in (a) Natura 2000 and non-Natura 2000, (b) 

NNN and non-NNN.   
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We are currently experiencing what has been termed the sixth mass extinction event, with 

observed and estimated species extinction rates orders of magnitude larger than long term 

(geological) background rates, for a wide variety of taxa (Ceballos et al., 2015). Around 

one million plants and animals are now facing extinction (IPBES, 2019, 2020) and 

populations of wild animals have plummeted 69% since 1970 (WWF, 2022). Although it 

has raised concerns and many actions have been attributed to biodiversity conservation, 

we still fail to halt or even reverse the current trends of species decline (Leclère et al., 

2020; Obura et al., 2021). We need to improve our understanding of the patterns, drivers 

and processes governing wild species populations in the current Anthropocene era. As part 

of this endeavour, the study of the dynamics of plant occurrence and diversity across space 

and over time is important as it allows us to predict the occurrence of species and their 

trends (Schulte To Bühne et al., 2021), which are essential support in making effective 

guidelines for conservation. A combination of biotic (e.g. pollinator) and abiotic (e.g. land-

use and vegetation structure) factors determine the establishment, reproduction and 

survival of plant species and affect the dynamics of plants (Sala et al., 2000; Ozinga et al., 

2009; Schulte To Bühne et al., 2021). Given the continuous threats for plant species and 

their decline over time, it is urgent to know which are the factors that sustain their 

populations and what can we do to ensure plant diversity in our ecosystems in the future. 

The central aim of this thesis is to improve our understanding of how different plant 

species respond to biotic and abiotic conditions and how we can improve the conservation 

effectiveness based on this. Specifically, I focus on the following questions:  

1) To what extent is natural land cover important to plant species occurrence?  

2) Do plants with biotic and abiotic pollination respond differently to habitat type and 

vegetation structure? 

3) Have insect-pollinated plant species declined more or less than wind-pollinated or 

selfing species in the Netherlands? and  

4) To what extent determine the three main land-use types (nature, rural and urban areas) 

and the level of nature protection (being part of Netherlands’ Nature Network, Nature 

2000 or not) the occurrence of different plant species? 

In the current chapter, I will synthesise what has been achieved regarding the questions 

proposed. Then, I’ll discuss the available scientific evidence and implications based on 

our findings. Finally, the outlook of the future study is discussed. 

 

Progress made in answering these questions in this thesis 

Question 1: To what extent is natural land cover important to plant species occurrence? 

(Chapter 2) 

The importance of robust (semi-)natural areas for many species is well known. However, 

in densely-populated areas of the world, which are rapidly expanding, discussion on the 

need to keep (semi-)natural areas for nature conservation is growing. In fact, in such areas, 

much effort (and conservation funding) is spent on creating small habitats for protecting 

species in agricultural and urban landscapes, that’s non-(semi-)natural areas. So, 
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understanding exactly whether -and to which extent- (semi-)natural habitat cover affects 

different species groups remains a central debate. 

Chapter 2 aims at understanding the importance of natural land cover to plants. Since 

different species may respond differently to environmental conditions, with some species 

preferring nature while others are adaptable to non-nature, I studied the response of each 

species to natural land cover based on species distribution models. Results show there is a 

mismatch between the species’ preferred landscapes and landscapes available in the 

Netherlands: most species, particularly threatened species, prefer landscapes with high 

natural land cover (>= 50%), while most landscapes in the Netherlands have low nature 

cover (< 25%). Although some patches in non-(semi-)natural areas might be habitats for 

some species, landscapes with over 50% NLCs are still a hotspot for most species. 

Accordingly, we should protect those landscapes and improve (semi-)natural areas in 

disturbed landscapes to avoid species decline. Moreover, landscapes with more than 80% 

natural land cover are needed to support species of conservation concern. 

Question 2: Do plants with biotic and abiotic pollination respond differently to habitat 

type and vegetation structure? 

Plant–animal interactions are fundamentally important in ecosystems, but have often been 

ignored by studies of land-use change impacts on biodiversity. Chapter 3 presents how the 

interaction between pollinators and plants affect responses of plants with different 

pollination types to land-use and vegetation structure. This thesis shows that most woody 

and herbs in (semi-)natural habitats in the Netherlands are insect-pollinated, with more 

woody species pollinated by insects in dune, river swamp and swamp peat, more herbs 

pollinated in dune than in other habitats. Plants with biotic pollination prefer dense cover 

of herb layer or shrub layer instead of tree layers. However, wind-pollinated woody 

species prefer high cover of tree layers while grasses prefer open habitats. 

Question 3 whether and to what extent insect-pollinated species have declined in our 

ecosystem at the community level 

Related to the third question, this thesis shows that plants pollinated by insects have shown 

a strong decline over the last 87 years, while wind-pollinated plants have increased over 

time. This can be explained by the decline in pollination services in the Netherlands. The 

alarming results inform us that species conservation should also focus on relevant 

pollinators instead of just plants themselves (Chapter 4). 

Question 4 what extent the three main land-use types (nature, rural and urban areas) and 

the level of nature protection (being part of Netherlands’ Nature Network, Nature 2000 

or not) contribute to the occurrences of different plant species 

Finally, for the last question, I show that protected areas and nature are important habitats 

as refuges for most species, particularly threatened and rare species. Moreover, protected 

areas also support high alpha and beta diversity of threatened and rare species, but not of 

all and native species. Nature is also important to support threatened species and rare 

species at small scale, but urban areas are important for all and native species (Chapter 5). 
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Measuring and modelling species occurrence 

In the past century, distribution data of plants in the Netherlands has been collected mainly 

through direct observation in the field either in an opportunistic way, i.e. single records of 

species, or in more structured surveys, e.g. through species list for a location or vegetation 

plots. In addition, and starting more recently, these data have become the starting point for 

large-scale analyses and modelling, e.g. species distribution models (SDM), plant 

community analysis, and rarefaction and extrapolation. As there are a number of tools 

available for assessing the occurrence of species, one has to decide which method to select 

based on the questions. In this thesis I used SDMs, occurrence from plot data, and 

assessing community aspects using accumulation curves. Below I will shortly reflect on 

my findings using these methods. 

In chapter 2, I used SDMs as I aim to quantify the relationship between environmental 

conditions and occurrences of each species across space. SDMs have been validated to be 

an effective method to link environmental variables to species distributions (Laughlin et 

al., 2020). One of the most powerful algorithms to build SDMs is MaxEnt, which can 

robustly deal with a variety of presence-only data (Phillips et al., 2006; Phillips and Dudík, 

2008; González-Irusta et al., 2015) and often outperforms other SDM modelling 

applications in dealing with small samples and preventing overfitting (Phillips et al., 2006; 

Phillips and Dudík, 2008). However, in most cases, SDM is used to predict the habitat 

suitability of species. In this thesis I show that it can also be used to quantify the 

relationship between species occurrence and environmental conditions. I show that the 

responses of different species and species groups (native vs exotic, rare vs common and 

threatened vs unthreatened) to environmental factors and contributions of different 

environmental factors to the occurrence of species vary strongly. Understanding these 

differences better is important to guide conservation strategies and restoration efforts. 

Vegetation plot data was used in Chapters 3 and 4 to investigate the correlation between 

species richness (alpha diversity) over time and environmental conditions across space. A 

large amount of species occurrence data have been collected in the past decades at either 

global scale (e.g. GBIF, https://www.gbif.org/), or national scale (e.g. NDFF, 

https://www.ndff.nl/), and these datasets have contributed to a large amount of studies on 

species distributions and the development of some macroecological theories (Currie et al., 

2004; Pärtel et al., 2016). However, studies on species compositions and richness ideally 

use a species checklist from a location. Unfortunately, these databases (e.g. sPlot-

https://www.idiv.de/en/splot.html, EVA-http://euroveg.org/eva-database and GrassPlot-

https://edgg.org/databases/GrassPlot) are still in development and are not unavailable to 

the public (Bruelheide et al., 2019; Večeřa et al., 2021). LVD is the Dutch Vegetation 

Database, which provides plant information recorded in each plot in various habitats 

covering mostly (semi-)natural landscapes in the past 87 years (Hennekens, 2018). This 

database is made freely available to all researchers and the public. With this database, we 

can explore the historical changes in species composition and richness of each species 

group over time. Based on this database, I investigated the temporal trends of different 

species groups and species richness in relation to habitat and vegetation structure so that I 

could better understand some of the factors driving species occurrence. 

In Chapter 5, I assessed the proportion of different species groups in a community with 

the assistance of rarefaction and extrapolation methods (see also Carvalheiro et al., 2013). 

https://www.gbif.org/
https://www.ndff.nl/
https://www.idiv.de/en/splot.html
http://euroveg.org/eva-database
https://edgg.org/databases/GrassPlot
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Plant occurrence data often include different sampling efforts across space, e.g. all species 

are recorded in some plant communities, while only few species are recorded in other 

communities. This makes comparison of estimated richness across space difficult 

(Carvalheiro et al., 2013). Rarefaction and extrapolation methods make richness in 

different areas comparable (Carvalheiro et al., 2013; Hsieh et al., 2016). In Chapter 5, I 

estimated the proportion of species that are recorded in a community (sampling effort) by 

rarefaction and selected those well-sampled cells with the proportion of recorded species 

above 0.8 to compare richness between cells. Although this method only retains sites that 

are well-sampled, completed species lists are retained. In contrast, methods estimating 

richness by either interpolation or extrapolation sampling efforts to the same level will 

lose species information. 

 

The importance of natural land cover 

Whilst there are multiple drivers of contemporary extinctions, natural habitat loss is 

considered to be the most important driver. With the increase of human activities, many 

natural habitats are converted to human dominated habitats, e.g. agriculture and urban 

fabric. Much evidence has revealed the importance of natural habitats to plant species 

conservation (Brooks et al., 2006; Watson et al., 2016; Veach et al., 2017; Watson et al., 

2018; Wintle et al., 2019). This thesis also shows that natural areas are suggested to be 

important to refuge most species on the checklist in the Netherlands, particularly 

threatened and rare species. Besides, in a mixed landscape with nature and human-used 

elements, I find that a higher natural land cover correlates to a higher species occurrence 

probability, and over 80% natural land cover benefits threatened and rare species the most. 

These findings reveal that landscapes with very high NLC are particularly valuable for the 

protection of threatened species. Some other studies also indicate that a relatively high 

natural land cover is important for sustaining biodiversity (Bascompte and Rodriguez, 

2001; Blaser et al., 2018). However, these studies only support the relationship between 

the overall richness and natural land cover, while different species (groups) may respond 

differently to natural land cover as they have different adaptation strategies (Laughlin et 

al., 2020). Some species are extraordinarily dependent on natural habitats, while the others 

are rapidly adaptable to human dominated habitats (Alberti, 2015; Donihue and Lambert, 

2015; Rivkin et al., 2019). Some are even exclusively dependent on agricultural habitats 

because of food resources provided in these habitats (Magioli et al., 2019). This led to our 

findings of diversity of different plant groups in urban and rural habitats. 

Following natural habitats, urban habitats are the other important habitats for refuging 

diversity of plants. Urban habitats are also important to support alpha and beta diversity 

of different taxon groups, particularly for general species but also for a few conservation-

relevant species. This result is encouraging because it indicates we can take the chance to 

create a sustainable ecosystem by conserving species in human dominated habitats.  

Turning to other important habitats, rural areas (agriculture), the thesis finds that it sustains 

fewer species than natural and urban habitats. Given the low plant diversity while over 70% 

of areas in the Netherlands used agriculture, it is important and urgent to find solutions to 

improve the quality of agriculture sustaining plant diversity. One of the most important 

actions is increasing (semi-)natural elements, the effectiveness of which has been 



 

180 
 

discussed by many studies (Manhoudt and Snoo, 2003; Cormont et al., 2016; Tscharntke 

et al., 2021). A central debate remains how much natural land cover should be maintained 

in the agricultural landscape. According to Cormont et al. (2016), 3%-7% natural land 

cover doesn’t contribute to the increase of plant diversity, but has an effect on insect 

species. Other studies suggest that at least 20% natural land cover is the threshold of 

species conservation in agriculture, but not specifically for plant species (Tscharntke et al., 

2021). Although 20% natural land cover will increase the diversity, my results show it is 

not enough for native species conservation in the Netherlands because 60% natural land 

cover will support more species. However, given that we have to consider trade-offs 

between species conservation and crop production, the final suggestion is to keep 20% 

natural land cover in agricultural areas, but increase natural elements if it is possible. 

Overall, natural habitats are important for species conservation, and nature should be 

brought back to the country, as stated in the new EU nature restoration law. However, the 

preferences of species for natural land cover is mismatched with the landscapes of the 

Netherlands, with a large number of species prefer landscapes with over 50% natural land 

cover while most landscapes in the Netherlands are covered by lower than 25% natural 

land cover. It implies that species conservation relying on nature is not enough and we 

need to seek for other conservation opportunities. Although urban communities may be 

less diverse in threatened species than in natural habitats, they still contain many species 

of considerable value for conservation. Increasing natural habitats and green infrastructure 

will contribute to better conservation of these species in urban areas. For agricultural areas, 

given the lower species richness and (semi)-natural coverage in rural areas than in urban 

areas, the marginal gain in species conservation, i.e. how many additional species you get 

for your investment, by increasing (semi-)natural habitats in rural areas is higher than 

increasing (semi-)natural habitats in urban areas. However, the species that benefit from 

improving rural areas are rarely restricted to these habitats and thus would also benefit 

from improving or expanding urban or natural areas. To achieve an effective conservation 

of species, a 20% threshold of (semi-)natural habitats in agricultural landscapes is 

recommended. As such, although we may not be able to reverse species extinctions, the 

trends here presented help justify the continuation of investment in conservation. 

 

Plant-insect interaction 

Land use change have been indicated to be the most important drivers of plant biodiversity 

change, yet most existing studies are limited to the direct effects of land-use on individual 

species, abundance or richness (Cusser et al., 2016; Mendenhall et al., 2016; Blaser et al., 

2018). However, land-use also decreased the availability of some biotic resources (e.g. 

pollinator and disperser). Comparably few studies take biotic species interaction into 

consideration when exploring the loss of plant diversity over time, although the 

importance of biotic factors to the sustaining of plant diversity has been indicated (Blois 

et al., 2013; Schleuning et al., 2020).  

Among all biotic factors, pollinators are shown to be closely related to florastic change 

(Biesmeijer et al., 2006; Potts et al., 2010). Plant-pollinator interaction is one of the most 

crucial ecological interactions in terrestrial ecosystems (Ollerton et al., 2011), and 

pollinator decline reduces plant fitness (Thomann et al., 2013). This thesis demonstrated 
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that natural communities have shifted from insect-pollination to wind-pollination, with 

declines in insect-pollinated plants and increase of wind-pollinated plants (Chapter 2). 

Although it remains unknown to what extent the insect-pollinated plants decline is caused 

by other factors, This thesis convincingly linked the decline of plant species to the decline 

of corresponding insect pollinators (Chapter 4) as insect-pollinated species didn’t show 

vulnerability to increased nitrogen. In the past decades, accumulating evidence has implied 

that insect and insect pollinators have shown a strong decline in Europe and all over the 

world (van Klink et al., 2020; Janzen and Hallwachs, 2021; Hallmann et al., 2021; Warren 

et al., 2021; Forister et al., 2021) due to environmental changes, with land-use change as 

the most important driver. With the decline of insect pollinators, the reproductions of many 

plant species are threatened, which in turn affect ecosystem services. Recent studies show 

that over 80% of flowering plants are pollinated by insects and over half of them would 

suffer decline in seed reproduction without pollinators (Ollerton et al., 2011; Rodger et al., 

2021). With the failure of plant reproduction, species population will definitely decrease 

and some will disappear from the local plant community. Compared to results showing 

decline in insect-pollinated plants at national scale (Biesmeijer et al., 2006), our results 

demonstrating the loss of insect-pollinated species at community level is alarming. If the 

insect-pollination continues to decline, plant diversity will be further threatened and over 

35% of overall global crop production will be endangered (Tscharntke, 2021). In addition 

to the decrease of food production, the loss of plant species will definitely affect other 

ecosystem services, including carbon sequestration, water purification, soil fertility, 

natural pest regulation, etc (Vos, 2014; Turnbull et al., 2016). 

To mitigate the decline of insect-pollinated species, both habitats and vegetation structure 

are important factors (Chapter 3). In principle, the conversion from (semi-)natural habitat, 

particularly habitats like dunes and swamp peat, to other land-use types will decline insect-

pollinated species (Chapter 3). Natural habitats are considered to have more diverse 

pollinators, which contribute to the diversity of plant species (Cusser et al., 2016; Bartual 

et al., 2019). In addition, 3-D vegetation structure change, e.g. habitat becoming too open 

or covered by shrub or tree layers, will also reduce insect-pollinated plants because 

habitats that are too open or densely covered have fewer insect pollinator diversity (Rech 

et al., 2016; Aguirre-Gutiérrez et al., 2017). 

 

Conservation implications and conclusion remarks 

Biodiversity conservation tends to focus on intact natural areas without identifying habitat 

requirements of species or areas with specific species for protection (Dudley, 2008). 

However, different species often have different responses to environmental conditions due 

to their varieties of adaptations (Laughlin et al., 2020). Results obtained in this thesis show 

that formal protected areas are important in conserving different plant species groups, 

particularly threatened and rare species. Currently, more ambitious targets, including 

protecting 30% of the planet by 2030 (Dinerstein et al., 2019) and half the terrestrial 

biosphere by 2050 (Locke, 2013; Dinerstein et al., 2017; Watson and Venter, 2017), have 

been proposed. However, given the conflict between habitat conservation, food provision 

and other land uses (Leclère et al., 2020), it is essential to find other conservation strategies. 

Urban areas are indicated to be emerging conservation hotspots of plant species, 

particularly for all species and native species. Recently, urban areas as species 
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conservation are increasingly embraced (Dearborn and Kark, 2010; Shaffer, 2018; Soanes 

and Lentini, 2019; Soanes et al., 2019), even for some threatened species (Ives et al. 2016). 

Given the expanding urban areas, I suggest strengthening the green facilities in urban areas 

to achieve a better conservation of species in urban areas. However, the current protected 

area should still be in central protection. In relation to urban areas, rural areas sustain few 

species due to intensive human-use (Sala et al., 2000). In this case, increasing natural land 

cover in agricultural areas will improve the habitat quality and increase species diversity, 

particularly in areas with low natural land cover (0-50%). To conserve threatened species, 

natural land cover should be increased to over 75%.  

Despite the conservation suggestions provided by this thesis, the first step is to make the 

goal of conservation clear. Given the urgency of conserving threatened species and the 

long list of threatened species on the relist in the Netherlands, the conservation priority 

should be protecting threatened species by paying efforts on protected areas, as well as 

conserving and recovering natural habitats. Another conservation-relevant species is rare 

species, which can be conserved in protected areas and natural habitats. In addition, urban 

habitats should also be maintained because a high rare species richness is found in urban 

areas. Meanwhile, the common native species can be protected very well in urban areas. 

Although rural areas also sustain some common species, its conservation effectiveness 

should be increased by increasing nature and introducing native species. This is also 

relevant to the recent initiative of nature-inclusive society in the Netherlands 

(https://en.rli.nl/publications/2022/advice/nature-inclusive-netherlands). This thesis 

suggests urban areas are acting effectively in supporting common species, but the natural 

cover and quality in rural areas should be improved, particularly given around 63% of the 

area in the Netherlands is agriculture. In order to keep a high habitat suitability for native 

species, 6% natural land cover should be considered. 

Additionally, given that the majority of flowering plants, including most crops, are insect-

pollinated (Ollerton et al., 2011; Rodger et al., 2021), and that relevant insect pollinators 

have shown a strong decline in the past decades (Biesmeijer et al., 2006; Hallmann et al., 

2021; Warren et al., 2021), which have declined the insect-pollinated plants accordingly, 

the thesis encourages the conservation of insect pollinators in landscapes. Action can 

include increasing natural habitats in human-dominated areas, decreasing the use of 

pesticide, etc (Goulson et al., 2015; Warren et al., 2021). In addition, propriate 

management actions like managing vegetation structure will also contribute to the increase 

of pollinators and pollinator-dependent plants (Culley et al. 2002, Chapter 3). 

In summary, conservation investments in the Netherlands are suggested to include 1) 

protecting natural reserves. Some areas with species that are currently not in protected 

areas should be protected in order to make all species in the Netherlands under protection; 

2) strengthen species conservation in urban and rural areas. Strategies include increasing 

green infrastructure and the coverage of semi-natural elements, and introducing native and 

threatened species in urban and rural areas, particularly in areas without or with little 

(semi-)natural coverage; 3) diverging vertical vegetation structure, e.g. mixture of trees 

and open nature, will benefit species diversity; 4) specific efforts should be given to insect 

pollinators and insect-pollinated plants. 

https://en.rli.nl/publications/2022/advice/nature-inclusive-netherlands
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Although the Netherlands has undertaken a great land use change with decline in many 

species, currently over 90% of native species and approximately 80% of threatened species 

are protected in natural reserves due to a lot of conservation efforts. Even in human 

dominated areas, particularly in cities, there are many species. It may provide some 

information for other countries, but should be context dependent. The Netherlands 

experienced a loss of natural areas. The loss of natural areas has been reversed after 1990 

and people increase natural elements in urban areas or agriculture. This is a way of land-

sharing, which is the fundamental action carried out throughout all of the Europe, e.g. 

High Nature Value (HNV) farming, which is also partly under protection by Natura 2000, 

although the percentage of nature in human dominated areas varies across different 

countries (Benedetti, 2017). Nonetheless, in some countries like China, land-sparing is the 

main action of species conservation. It means intensified agriculture or urban settlements 

and wilderness are separate. It provides some wisdom to other countries, for example, 

China. Although China has paid much effort on species conservation by protecting 

protected areas. Conservations outside protected areas are still lacking. According to our 

study and previous studies, scientific planning of land-use, increasing (semi-)natural 

elements in human dominated areas and diverging vertical vegetation structure are 

applicable. However, these conservation practices are too dependent on local context. For 

example, 1.2 million km2 of farmland has been set up as the redline to ensure food security. 

These farmlands cannot be transformed into other types of land. In this case, it is not 

possible to conserve species by increasing large areas of (semi-)natural elements. Instead, 

increasing the diversity of crops and reducing field size with increasing some natural 

habitats along field edges may balance the requirements of food supply and species 

conservation. Slightly increasing some natural elements (e.g. green roof) in urban areas 

will also benefit biodiversity. In addition, although China has an ambition to achieve 

‘Ecological Civilization’ by balancing economic development and nature conservation, 

China has a growing deficit of conservation research capacity and biodiversity 

infrastructure. Constructing species monitoring webs will help China to evaluate the status 

of species and effectiveness of conservation actions. 

The findings of this thesis suggest future challenges as in the field of biodiversity 

conservation and applied ecology. The inclusion of multi-species responses to land use 

types and protection levels are definitely two with high importance because figuring out 

the importance of protection managements and land-use types to different species groups 

will provide a clearer guideline for species conservation. However, with the time on-going, 

whether and to what extent increased protected areas or natural habitats are important to 

species? Will protected areas or nature be more important to species or less important to 

species? The answer to this question will help us to understand the change in species-area 

relationship, which is an essential guideline for future species conservation. 

Moreover, including insect-pollinators and plant species interaction information in the 

assessment of plant species dynamics is a challenge that deserves much attention given 

that plant species occurrences and persistence clearly depend on insect pollinators. This is 

of main concern as most research for biodiversity conservation purposes is carried out 

with direct responses of species to abiotic factors without considering the effects of abiotic 

factors. It deserves further exploration in the further studies identifying how the biotic and 

abiotic factors jointly affect the distributions and occurrences of plant species. In addition, 
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identifying how species with different traits respond to each driver will help us understand 

the mechanism of species decline. 
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Summary 

Plant diversity is essential for us and our planet as it sustains the stability of our ecosystems, 

provides vital materials and food to us and supports many ecosystem services. However, 

plant diversity has shown a strong decline throughout human history, particularly in the 

past decades. Multiple factors have been and are threatening plant species persistence, 

particularly climate change and land use change that result from intensive human activities. 

However, it is well known that different species may respond differently to threats, with 

some species being vulnerable to environmental change while others are less likely to be 

threatened. To understand how anthropogenic pressures will affect plant communities and 

find proper plant conservation strategies, it is important to identify how species change 

over time and to what extent species differ in their response to environmental pressures. 

Among the environmental factors that are driving plant diversity loss, land-cover change, 

particularly loss of natural habitats, is the most dominant one. Many plant species are 

likely to depend completely or partially on natural habitats. Consequently, understanding 

the effect of natural habitat (e.g. size, extent, connectivity) on species is needed to underpin 

biodiversity conservation strategies. However, whether and to which extent (semi-)natural 

habitat cover affects individual plant species remains largely unknown. Some studies show 

that species populations will decline and lose their viability due to (semi-)natural habitat 

loss. While others show that different species should have different responses to 

(semi-)natural habitat cover. At the same time, many species can still persist in non-

(semi-)natural habitats. Few empirical studies have assessed the importance of natural land 

cover to plant species’ presence for a whole flora. Chapter 2 is an attempt to achieve that. 

I assessed the response of 1,132 native and 412 exotic plant species to natural land cover 

across the Netherlands. This nationwide study, for the first time, showed that most species, 

particularly threatened species, preferred landscapes with high natural land cover. Natural 

types (natural forest and open habitat) are also associated with species’ presence, and a 

landscape with a mixture of natural forest and open habitat was better for biodiversity at 

large than landscapes with completely open or completely forested natural habitats. 

Threatened species preferred landscapes with higher natural land cover than not threatened 

species, and native species preferred higher natural land cover than exotic species. This 

analysis will help inform the long-running debate about the important role of natural land 

cover in supporting species. It may help government and conservation agencies to better 

improve conservation guidelines, focus their efforts on (semi-)natural areas and their 

surroundings and in this way stand a better chance to realise their national and regional 

biodiversity strategy targets. 

In addition to abiotic factors, biotic factors also have substantial effects on plant diversity. 

Pollination is considered to be one of the most important factors driving plant diversity by 

limiting or promoting seed production, fruit production and thus affect plant reproductive 

output. Pollination is one of the most critical events for the reproduction of plants, with 

insect, wind and selfing as the most common modes. However, few studies have assessed 

whether the distribution of different pollination modes is related to environmental 

conditions, e.g. vegetation structure. Even fewer studies have provided an explanation for 

this. In chapter 3, I used distribution records of Dutch plant species to map the 
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composition of pollination modes of different plant groups (woody species, herbs and 

grasses) across (semi-)natural habitats and assessed whether spatial distributions of 

different pollination modes are correlated with the 3D vegetation structure. This study 

showed that 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 habitats than in other habitat types, 

whereas herbs showed a higher percentage of insect-pollination in dunes than in other 

habitat types. Grasses were always pollinated by wind or wind and selfing in all habitats. 

Woody plants pollinated by wind preferred vegetation with height ranging from 2 to 20 m, 

while woody plants pollinated by insects preferred much lower vegetation with height 

ranging from 0.5 to 2 m. Grass preferred open habitats instead of covered habitats.  

With respect to the importance of pollinated plants, chapter 4 further investigated plants 

with different pollination modes in 625,247 Dutch vegetation plots from 1930 to 2017 and 

confirmed a decline in the proportion of obligately insect-pollinated plants (~10.4%) and 

a parallel increase in obligately wind-pollinated plants (~9.6%) in natural communities 

over the last 87 years. The proportional change is explained by both the decline in the 

richness of insect-pollinated plants and an increase in the richness of wind-pollinated 

plants. The pattern of temporal changes in pollination mode suggests that natural plant 

communities are losing insect-pollinated plants and that plant communities are shifting to 

wind-pollination. 

Finally, chapter 5 reviewed existing strategies of species conservation and assessed the 

conservation effectiveness of different protection levels (protected areas vs unprotected 

areas) and land-use types on different species groups. Results showed that protected areas 

and nature are the most important areas to sustain gamma diversity of different species 

taxonomic groups, particularly for threatened and rare species. Similarly, protected areas 

had a higher alpha and beta diversity of threatened and rare species, while unprotected 

areas had a higher alpha and beta diversity of all and native species. Nature was important 

in sustaining a high alpha and beta diversity of threatened species at all scales and rare 

species at 0.5 km scale. However, urban areas sustained the highest alpha and beta 

diversity of all and native species. 

Overall, this thesis reveals the temporal and spatial dynamics of different plant taxonomic 

groups and provides insights relevant to conserve plant species effectively. Protected areas 

are very important for species conservation. Nature is suggested to be most important for 

conservation-relevant species, while urban areas are important to common species. 

However, increasing natural land cover in a mixed landscape will increase plant diversity 

in total. Thus, protecting current nature and creating natural patches in intensive human-

dominated areas are both essential for future species conservation. Besides, the interaction 

between plants and insects is a very important factor driving plant species dynamics across 

space and over time. Protecting insect pollinators will benefit plant species conservation 

and contribute to the sustaining of human well beings in a great deal. 
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Samenvatting 

Plantendiversiteit is van groot belang voor ons en onze aarde omdat planten de stabiliteit 

van onze ecosystemen ondersteunen, omdat ze allerlei materialen en voedsel leveren aan 

de mens en omdat ze veel ecosysteemdiensten leveren. De plantendiversiteit is echter in 

de loop van de tijd sterk afgenomen, vooral in de afgelopen decennia. Vooral factoren als 

klimaatverandering en verandering in en intensivering van landgebruik als gevolg van 

antropogene activiteiten hebben bijgedragen aan de achteruitgang van plantensoorten. Het 

is echter goed bekend dat soorten zeer verschillend kunnen reageren op dergelijke 

bedreigingen, waarbij sommige soorten kwetsbaar zijn voor veranderingen in het milieu 

en andere soorten minder snel worden bedreigd. Om te begrijpen hoe de menselijke 

invloeden plantengemeenschappen beïnvloeden en hoe we planten beter kunnen 

beschermen, is het belangrijk om de verandering van verschillende soorten in de tijd te 

bepalen en te begrijpen in welke mate en hoe verschillende soorten op de omgeving 

reageren. 

 

Van de omgevingsfactoren die het verlies van plantendiversiteit beïnvloeden, is de 

verandering van landgebruik door de mens, met name het verlies van natuurgebieden, één 

van de belangrijkste factoren. Veel planten zijn voor hun voortbestaan geheel of ten dele 

afhankelijk van natuurlijke habitats. Om planten goed te beschermen moeten we derhalve 

het effect van habitatverlies op planten goed begrijpen. Dat begrip is nu onvoldoende. Wat 

we wel weten is dat sommige studies laten zien dat soorten afnemen ten gevolge van 

(semi-)natuurlijke habitatverlies, terwijl andere studies concluderen dat (andere) soorten 

geen of nauwelijks effect ondervinden. Tegelijkertijd zien we dat veel soorten voorkomen 

in niet-(semi-)natuurlijke habitats. Slechts enkele empirische studies wijzen op het belang 

van natuurlijk landgebruik voor de aanwezigheid van soorten en of de verschillen in 

response tussen soorten. Hoofdstuk 2 onderzocht de respons van 1.132 inheemse en 412 

exotische plantensoorten op verandering en aanwezigheid van natuurlijke habitats in heel 

Nederland. Deze studie toont voor het eerst aan dat de meeste soorten, met name bedreigde 

soorten, de voorkeur geven aan landschappen met een hoge aandeel natuurlijke habitats. 

Het type natuurlijke habitat (bebost of open terrein) bepaald mede de aanwezigheid van 

soorten, waarbij een landschap met een mix van natuurlijk bos en open vegetatie beter is 

voor de plantenrijkdom in het algemeen dan landschappen die volledig open of volledig 

bebost zijn. Bedreigde soorten gaven de voorkeur aan landschappen met een hoger 

percentage natuurlijk landgebruik dan niet-bedreigde soorten, en inheemse soorten gaven 

de voorkeur aan landschappen met een hoger percentage natuurlijke landgebruik dan 

exotische soorten. Deze analyse draagt bij aan het langlopende debat over het belang van 

natuurgebieden bij het ondersteunen van soorten. Mijn resultaten kunnen overheden en 

natuurbeschermingsinstanties helpen om de richtlijnen voor natuurbehoud te verbeteren, 

hun inspanningen te richten op (semi-)natuurlijke gebieden en hun omgeving en op deze 

manier een betere kans te geven om hun nationale en regionale doelstellingen voor de 

biodiversiteitsstrategie te realiseren. 

 

Naast abiotische factoren hebben ook biotische factoren sterke invloed op de 

plantendiversiteit. Bestuiving wordt beschouwd als een van de belangrijkste factoren die 

de diversiteit van planten stimuleren door de zaadproductie/plantreproductie te beperken 

of te bevorderen. Bestuiving is een van de meest kritieke gebeurtenissen bij de reproductie 

van planten en de meest voorkomende vormen van bestuiving zijn door middel van 
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insecten of de wind en zelfbestuiving. Er zijn echter maar weinig studies die hebben 

aangetoond dat de verdeling van verschillende bestuivingswijzen verband houdt met 

omgevingscondities, zoals bijvoorbeeld vegetatiestructuur, en nog minder studies hebben 

hier een verklaring voor gegeven. In hoofdstuk 3 gebruik ik waarnemingen van 

Nederlandse plantensoorten om het voorkomen van de verschillende vormen van 

bestuiving bij verschillende plantengroepen (houtsoorten, kruiden en grassen) en in 

verschillende (semi-)natuurlijke habitats in kaart te brengen. Daarnaast gebruik ik 

gegevens over de 3D-vegetatiestructuur om te beoordelen of de ruimtelijke verdeling van 

verschillende bestuivingsvormen daarmee verband houdt. Deze studie toont aan dat 

insectenbestuiving de meest voorkomende vorm van bestuiving is in (semi-)natuurlijke 

habitats voor houtachtige soorten en kruiden. Door insecten bestoven houtige soorten 

lieten in duinen, riviermoeras en moerasveen een nog hoger percentage zien dan in andere 

habitattypen, terwijl kruiden in duingebieden een hoger percentage insectenbestuiving 

lieten zien dan in andere habitattypen. Grassen werden in alle habitats altijd bestoven door 

wind of door wind en zelfbestuiving. In alle typen vegetatiestructuur gaven houtige 

planten die bestoven werden door wind de voorkeur aan dichte vegetatie met een hoogte 

variërend van 2 tot 20 m, terwijl houtige planten bestoven door insecten meer voorkomen 

in vegetatie met een hoogte variërend van 0,5 tot 2 m. Grassen gaven de voorkeur aan 

open habitats.  

 

Over het belang van bestuiving voor planten geeft hoofdstuk 4 meer inzicht. Daarin is 

onderzocht hoe planten met verschillende bestuivingsvormen zijn veranderd door de tijd. 

Mijn analyse van 625.247 Nederlandse vegetatieplots opgenomen tussen 1930 en 2017 

laat zien dat er een afname is van het aandeel van obligaat insectbestoven planten (~10,4%) 

en een toename van de obligaat windbestoven planten (~9,6%) in natuurlijke 

gemeenschappen in die tijd. De proportionele verandering wordt veroorzaakt door zowel 

de afname van de soortenrijkdom van door insecten bestoven planten en de toename van 

de soortenrijkdom van door de wind bestoven planten. Het patroon van temporele 

veranderingen in de bestuivingsvormen suggereert dat natuurlijke 

plantengemeenschappen door insecten bestoven planten verliezen en dat planten die 

windbestuiving gebruiken juist toenemen. 

 

Tenslotte wordt in hoofdstuk 5 de huidige strategie voor het behoud van soorten 

(beschermde gebieden versus onbeschermde gebieden) onder de loep genomen. De 

resultaten laten zien dat beschermde (natuur)gebieden  de belangrijkste gebieden zijn om 

de gammadiversiteit van verschillende soorten en/of taxonomische groepen in stand te 

houden, met name als het gaat om bedreigde en zeldzame soorten. Daarbij hebben 

beschermde gebieden een hogere alfa- en bèta-diversiteit van bedreigde en zeldzame 

soorten, terwijl onbeschermde gebieden een hogere alfa- en bèta-diversiteit van alle 

soorten en ook van alle inheemse soorten hebben. De natuur is belangrijk bij het in stand 

houden van een hoge alfa- en bètadiversiteit van bedreigde soorten op zowel kleine als 

grote schaal en voor zeldzame soorten op een schaal van 0,5 km. Stedelijke gebieden 

hebben echter de hoogste alfa- en bètadiversiteit van zowel het totaal aantal plantensoorten 

als alle inheemse soorten. 

 

Dit proefschrift geeft inzicht in de temporele en ruimtelijke dynamiek van verschillende 

taxonomische groepen van planten en laat zien hoe plantensoorten effectief kunnen 

worden behouden. Beschermde gebieden zijn zeer belangrijk voor het behoud van soorten, 
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vooral voor de instandhouding van bedreigde en zeldzame soorten, terwijl stedelijke 

gebieden belangrijk zijn voor algemenere soorten. Het vergroten van natuurgebieden in 

een gemengd landschap zal zeker de totale plantendiversiteit vergroten. Het beschermen 

van de huidige natuur samen met het creëren van natuurlijkere habitats in door de mens 

gedomineerde gebieden is essentieel voor het toekomstige behoud van soorten. Bovendien 

is de interactie tussen planten en insecten een zeer belangrijke factor die de dynamiek van 

plantensoorten zowel in ruimte als in tijd stuurt. Het beschermen van bestuivers zal het 

behoud van plantensoorten ten goede komen en in grote mate bijdragen aan het behoud 

van het welzijn van de mens. 
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