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observed biodiversity patterns. Multiple facets of biodiversity (taxonomic, phylogenetic, functional) were characterized in semi-natural
grasslands (in plots of 0.5 × 0.5 and 2 × 2 m, and whole grassland polygons). The extent to which the present-day and historical
characteristics of the sites and their surrounding landscape explain the current diversity patterns was quantified. Temporal changes in the
multiple facets of diversity, and assembly processes that drive these changes, were investigated along a more than 300 year long
chronosequence representing an arable to semi-natural grassland succession. Both grassland plant species richness and functional trait
diversity in grassland sites were to a large extent explained by the land use history of the sites and the availability of grassland habitat in the
surrounding historical landscape. It appears that not only is there a delayed loss of species diversity in response to landscape fragmentation
("extinction debt") but that there is also a delayed decline of functional diversity in response to ongoing habitat destruction (i.e. a
"functioning debt") that will potentially generate a time lag in the changes in ecosystem attributes. Quantification of the linkages between
the distribution and diversity of dispersal and persistence traits and current and historical properties of the grassland sites and their
surrounding landscape revealed that long-distance dispersal potential as well as the diversity of different dispersal and persistence strategies
within present-day grassland communities was mainly determined by the local management history and landscape history. Long-distance
dispersal by wind and animals no longer appears to be contributing to the colonization of the remaining fragments of habitat within the
increasingly fragmented modern landscape, and long-term persistent species are likely to dominate the grassland communities in the future.
Whereas many long-distance dispersed species can still persist locally in the presence of grazing disturbance, grazing management may
also promote the diversity of different dispersal and persistence strategies, but only in sites that were well connected to grassland areas in
the past. The extent to which grassland management strategies can maintain a high diversity of dispersal and persistence strategies, and
thereby the capacity of a plant community to buffer environmental change, will depend on the context of the site within the historical
surrounding landscape. Comparative analysis of taxonomic, phylogenetic and functional diversity at different stages of
arable-to-semi-natural grassland succession demonstrated that community assembly during secondary grassland succession was
deterministic with respect to species traits, suggesting that it may be possible to predict changes in biodiversity, and associated alterations
in ecosystems functioning in future environments, on the basis of species functional traits. Taxonomic, phylogenetic and functional
diversity showed contrasting patterns of change over time. Short-term grazing management (5-50 years) promoted species richness, but did
not enhance phylogenetic or functional diversity. Only long-term grazing management, over more than 270 years, promoted phylogenetic
and functional diversity without further increases in species richness. I conclude that (a) multiple facets of biodiversity should be
considered in order to more realistically assess the full dimensions of biodiversity loss resulting from human-driven environmental
changes, (b) history is a major determinant of biodiversity, and (c) the simultaneous consideration of multiple facets of biodiversity can
provide new insights into the processes that shape communities.
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Abstract

Biodiversity, the variety of life at all organisation-

al levels from genes to ecosystems, affects ecosys-

tem processes and therefore the goods and ser-

vices ecosystems provide. More research is need-

ed to provide new insights into biodiversity chang-

es and the processes that drive these changes, in 

order to formulate effective policy and conserva-

tion measures to stop the ongoing biodiversity 

loss.

 In this thesis, I focus on spatial and temporal 

changes in different aspects of plant biodiversity 

and examine the driving forces that generate and 

maintain observed biodiversity patterns. Multiple 

facets of biodiversity (taxonomic, phylogenetic, 

functional) were characterized in semi-natural 

grasslands (in plots of 0.5 × 0.5 and 2 × 2 m, and 

whole grassland polygons). The extent to which 

the present-day and historical characteristics of 

the sites and their surrounding landscape explain 

the current diversity patterns was quantified. 

Temporal changes in the multiple facets of diver-

sity, and assembly processes that drive these 

changes, were investigated along a more than 300 

year long chronosequence representing an arable-

to-semi-natural grassland succession.

 Both grassland plant species richness and 

functional trait diversity in grassland sites were to 

a large extent explained by the land use history of 

the sites and the availability of grassland habitat 

in the surrounding historical landscape. It appears 

that not only is there a delayed loss of species di-

versity in response to landscape fragmentation 

(“extinction debt”) but that there is also a delayed 

decline of functional diversity in response to on-

going habitat destruction (i.e. a “functioning 

debt”) that will potentially generate a time lag in 

the changes in ecosystem attributes.

 Quantification of the linkages between the dis-

tribution and diversity of dispersal and persis-

tence traits and current and historical properties 

of the grassland sites and their surrounding land-

scape revealed that long-distance dispersal poten-

tial as well as the diversity of different dispersal 

and persistence strategies within present-day 

grassland communities was mainly determined by 

the local management history and landscape his-

tory. Long-distance dispersal by wind and animals 

no longer appears to be contributing to the colo-

nization of the remaining fragments of habitat 

within the increasingly fragmented modern land-

scape, and long-term persistent species are likely 

to dominate the grassland communities in the 

future. Whereas many long-distance dispersed 

species can still persist locally in the presence of 

grazing disturbance, grazing management may 

also promote the diversity of different dispersal 

and persistence strategies, but only in sites that 

were well connected to grassland areas in the 

past. The extent to which grassland management 

strategies can maintain a high diversity of disper-

sal and persistence strategies, and thereby the 

capacity of a plant community to buffer environ-

mental change, will depend on the context of the 

site within the historical surrounding landscape.

 Comparative analysis of taxonomic, phyloge-

netic and functional diversity at different stages 

of arable-to-semi-natural grassland succession 

demonstrated that community assembly during 

secondary grassland succession was deterministic 

with respect to species traits, suggesting that it 

may be possible to predict changes in biodiversity, 

and associated alterations in ecosystems function-

ing in future environments, on the basis of species 

functional traits. Taxonomic, phylogenetic and 

functional diversity showed contrasting patterns 

of change over time. Short-term grazing manage-

ment (5-50 years) promoted species richness, but 

did not enhance phylogenetic or functional diver-

sity. Only long-term grazing management, over 

more than 270 years, promoted phylogenetic and 

functional diversity without further increases in 

species richness.

 I conclude that (a) multiple facets of biodiver-

sity should be considered in order to more realis-

tically assess the full dimensions of biodiversity 

loss resulting from human-driven environmental 

changes, (b) history is a major determinant of 

biodiversity, and (c) the simultaneous considera-

tion of multiple facets of biodiversity can provide 

new insights into the processes that shape com-

munities.

Keywords: dispersal, functional diversity, land-

scape fragmentation, land use history, life-history 

traits, null model, phylogenetic diversity, semi-

natural grasslands
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Introduction

There is compelling evidence that biodiversity, the 

variety of life at all organisational levels from 

genes to ecosystems (Wilson 1988; Gaston 1996; 

Purvis & Hector 2000), affects ecosystem process-

es and the goods and services they provide for 

human well-being (Diaz et al. 2006). Throughout 

the history of life, biological diversity has been 

changing constantly, including several mass ex-

tinction events (Lawton & May 1995; Benton 2010). 

Currently, life on earth experiences its sixth major 

extinction event, with extinction rates 100-1000 

times higher than pre-human extinction rates 

(Pimm et al. 1995). However, while earlier major 

changes in biodiversity were mainly driven by 

sudden changes in the physical environment, such 

as massive volcanic eruptions and asteroid im-

pacts, the current loss of biodiversity is driven by 

climate change, habitat loss, biological invasions 

and other negative consequences of human activ-

ity (Chapin et al. 2000). More research is needed 

to provide new insights into biodiversity changes 

and the processes that drive these changes, in or-

der to formulate effective policy and conservation 

measures to stop the ongoing biodiversity loss 

(Magurran & Dornelas 2010).

 All aspects of biodiversity, from genetic diver-

sity to the diversity of landscape units, play a role 

for ecosystem functioning. However, because the 

phenotypic characteristics (traits) of a species de-

termine its performance, the diversity of func-

tional traits (functional diversity) represents a 

direct link between changes in community com-

position and ecosystem processes (Diaz & Cabido 

2001; Weiher 2010). Higher levels of functional di-

versity in plant communities have been shown to 

increase productivity (Cadotte et al. 2009) as well 

as to enhance the stability of ecosystems in re-

sponse to perturbations (Hobbs et al. 2007; Lalib-

erté et al. 2010), and may also affect ecosystem 

services (Kremen 2005; Mayfield et al. 2005). 

 In this thesis, I focus on spatial and temporal 

changes in different aspects of plant biodiversity 

and scrutinize the driving forces that generate and 

maintain the observed biodiversity patterns.

Community assembly processes and biodi-
versity patterns

Elucidating the processes that shape plant com-

munities is essential for the prediction of how 

biodiversity and ecosystem functioning will be 

affected by future environmental change. (Götzen-

berger et al. 2011; Weiher et al. 2011). The assembly 

of plant species into local communities is driven 

by both stochastic (trait-neutral; Hubbell 2001) 

and deterministic processes, which act simultane-

ously to determine community composition and 

biodiversity. Deterministic community assembly 

is often understood as pool-filter-subset concept: 

species that co-exist in local communities are a 

subset of the larger (regional) species pool from 

which they are selected, according to their traits, 

by a set of hierarchical abiotic and biotic filtering 

processes (Keddy 1992; Poff 1997). The species 

(and their traits) that are available in the species 

pool and the kind of filters determine the range 

and dispersion of traits in the local communities. 

Abiotic filters may act at different spatial scales 

Plant community assembly and biodiversity: 
 a spatio-temporal perspective
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(Algar et al. 2011) and tend to generate overall trait 

similarity (trait convergence; Grime 2006), because 

species share similar adaptations to the physical 

environment. For example, at larger spatial scales, 

climate acts as a filter selecting for freezing toler-

ant plant species in areas that experience hard 

frosts (Davis et al. 1999). At smaller (local) scales, 

trait convergence has been demonstrated in sites 

with higher levels of productivity and/or under 

severe disturbance (Grime 2006; Pakeman et al. 

2011). Biotic filters, such as competition, act on 

smaller spatial scales where species interact, and 

tend to generate overall trait dissimilarity (trait 

divergence). Competition is strongest between 

species with similar resource use, and will tend to 

prevent the co-existence of species that have a 

high level of functional similarity (“limiting simi-

larity”; MacArthur & Levins 1967). 

 In addition to competition and stress filters, 

dispersal between communities plays a central 

role in plant community assembly (Ozinga et al. 

2009). Especially in fragmented landscapes, seed 

dispersal has been demonstrated to limit plant 

species composition and biodiversity in local com-

munities (Verheyen & Hermy 2001; Adriaens et al. 

2007). The degree to which species distributions 

are dispersal limited depends on the dispersal 

traits of the species in the larger (regional) geo-

graphical species pool, as well as the spatial dis-

tribution of suitable habitat. Whereas spatial isola-

tion may act as a dispersal filter at the landscape 

scale (Hanski 1999; Eriksson et al. 2002), the avail-

ability of suitable microsites (gaps), at the local 

scale, will determine whether seeds can establish 

once they have dispersed into a site (Grubb 1977; 

Bullock et al. 1995).

 In rapidly changing environments, species of-

ten show a delayed response to fragmentation and 

may persist in the remaining habitat fragments 

over long periods of time under non-optimal con-

ditions (“extinction debt”; Tilman et al. 1994; Her-

ben et al. 2006), even though the spread of species 

between sites will be increasingly limited by dis-

persal in space. The species composition and dis-

tribution of the traits in present-day communities 

is therefore expected to reflect the spatial con-

figuration of colonization sources in the historical 

landscape and the long-term availability of suit-

able microsites (Snäll et al. 2003; Lindborg 2007).

 Quantification of the linkages between plant 

functional traits, especially those related to dis-

persal and persistence, and the current and his-

torical characteristics of the local habitat and its 

surrounding landscape is likely to greatly increase 

our ability to predict the effects of a changing en-

vironment on the biosphere (McGill et al. 2006).

Temporal changes in biodiversity

Ecosystems are affected by different kinds of dis-

turbances, that may have dramatic consequences 

for biodiversity (Magurran & Dornelas 2010). After 

disturbance, succession occurs – a processes in 

which species are sequentially replaced over time 

(Clements 1916). The study of temporal changes in 

biodiversity during succession may allow to assess 

how biodiversity can be maintained/restored after 

ecosystem disturbance. Biodiversity is multi-fac-

eted and recent studies emphasize that the assess-

ment of biodiversity changes should not merely 

focus on species identities but also need to take 

functional and phylogenetic differences between 

species into account (Devictor et al. 2010a; Mey-

nard et al. 2011). Both functional and phyloge-

netic diversity are associated with ecosystem re-

silience: whereas functional diversity is poten-

tially related to the capacity of an ecosystem to 

respond to environmental changes (see previous 

section), phylogenetic diversity reflects the accu-

mulated evolutionary history of a community and 

therefore reflects the potential to produce new 

evolutionary options, and to persist, under future 

environmental changes (Purvis & Hector 2000; 

Forest et al. 2007). Under the assumption that 

phylogenetically closely related species share sim-

ilar traits (i.e. show trait conservatism), and there-
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fore are ecologically and functionally similar, 

phylogenetic diversity is often used as a proxy for 

functional diversity. If traits are conserved, phy-

logenetic diversity may provide a more inclusive 

measure of functional diversity than measures of 

functional diversity which are based on a limited 

set of measurable traits.

 Studies of biodiversity changes after distur-

bance have mainly focussed on diversity within 

communities (alpha diversity; Laliberté et al. 2010; 

Letcher 2010). However, biodiversity also has a 

spatial component, that can be determined by 

measuring how the community composition 

changes across a landscape (beta diversity). The 

assessment of temporal changes in beta diversity 

after disturbance may reveal insights into wheth-

er communities become more similar or dissimi-

lar over time (Fukami et al. 2005; Vellend et al. 

2007).

 Recent studies (Dinnage 2009; Letcher 2010) 

have suggested that measuring and comparing 

taxonomic, phylogenetic and functional (alpha 

and beta) diversity during succession may provide 

insights into the processes that generate biodiver-

sity after disturbance. Both stochastic and deter-

ministic processes are likely to be involved in 

driving community assembly during succession, 

and their relative importance may change as suc-

cession proceeds (Huston & Smith 1987). Deter-

ministic processes include abiotic and biotic filter-

ing and are expected to generate non-random 

patterns in community composition with respect 

to species traits. However, the observed (“raw”) 

functional trait diversity measures are of little di-

rect use in the detection of such assembly pro-

cesses. Observed functional diversity values need 

to be compared with expected functional diver-

sity values obtained from random communities 

that were generated using a null model that keeps 

constant the levels of taxonomic diversity (Gotelli 

& Graves 1996). Whereas abiotic filtering is ex-

pected to generate communities (consisting of 

functionally similar species) that have a function-

al diversity that is lower than expected, given the 

taxonomic diversity, biotic filtering processes such 

as competition are expected to generate commu-

nities (consisting of functionally dissimilar spe-

cies) with a higher than expected functional trait 

diversity.

 Information on phylogenetic diversity can pro-

vide additional information that is not covered by 

functional diversity (Pausas & Verdu 2010; Pavoine 

& Bonsall 2011). For example, a situation where 

phylogenetic diversity is higher or lower than ex-

pected, but the functional diversity does not differ 

from null expectations, suggests that important 

functional traits may be missing from the analy-

sis. On the other hand, if traits are not conserved, 

and closely related species do not share similar 

traits, a non-random pattern of functional diver-

sity, but a random pattern of phylogenetic diver-

sity, indicates that the traits that were used to as-

sess functional diversity are involved in the as-

sembly process.

Aims of the thesis

1) To quantify the extent to which biodiversity in 

grassland plant communities is explained by his-

torical and current characteristics of the land-

scape and the local management regime. (Papers 
I & IV)
2) To link the dispersal potential in present-day 

communities to the properties of the current and 

historical landscapes. To what extent is the distri-

bution of dispersal and persistence traits, and the 

diversity of these traits, explained by the historical 

properties of the landscape? (Papers II & III)
3) To assess successional changes in biodiversity 

after disturbance, and to gain insight into the pro-

cesses that generate and maintain the observed 

diversity changes. (Paper V)
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Methods

Study area

The study area (centred on 56°33’58” N, 16°33’58” 

E) is situated in the central part of the Baltic Is-

land of Öland (Sweden) and covers approximately 

22.5 km² (Fig. 1). The landscape has on overall flat 

topography and consists of a mosaic of grassland, 

arable fields and forests. Öland has a long history 

of grazing that dates back until the early Neolith-

ic (3000-3300 BC). However, the proportion of 

semi-natural grassland in the study area has pro-

gressively declined since the early eighteenth cen-

tury, from 86% in 1723 to 9% in 1994 (Johansson 

et al. 2008).

Vegetation data

In the first four studies (Papers I-IV), vegetation 

was sampled in semi-natural grassland polygons 

that were classified according to their age (grass-

land continuity) and previous land use (arable 

fields, forests or old grasslands) by Johansson et 

al. (2008). In order to avoid major gradients of 

edaphic variation, vegetation sampling was re-

stricted to dry grassland vegetation with low levels 

of eutrophication, containing the grasses Festuca 

ovina and/or Helictotrichon pratense. Both of 

these species are widespread in dry and mesic 

grasslands within the study area and avoid eu-

trophicated habitats (Prentice et al. 2007). In order 

to reduce edge effects (see Reitalu et al. 2008), we 

did not sample the area within a 2 m-wide inter-

nal buffer zone along polygon borders. For the first 

three studies (Papers I-III), presence/absence data 

were recorded for all herbaceous, vascular plant 

species (186 species in total), between May and 

August 2007, in 113 grassland polygons. Plot-scale 

data vegetation data (Papers I & IV) were collected 

between May-July 2004 by Reitalu et al. (2008) in 

425 (Paper I) and 475 (Paper IV) 50 × 50 cm plots 

that were positioned randomly within the sam-

pling areas. Each plot was divided into 25 10 cm 

× 10 cm sub-plots within which the presence/ab-

sence of all vascular plant species was recorded.

 In the successional study (Paper V), vegetation 

surveys were carried out in younger grasslands on 

previously arable sites and in old semi-natural 

grasslands – representing a chronosequence from 

arable to semi-natural grassland succession. Each 

grassland site was assigned to one of four succes-

1835

1 km

1938 2004

N

Semi−natural grassland
Sampled grassland polygons

Fig. 1.  Land-cover maps of the Jordtorp study area for three time periods (1835, 1938 and 2004). The 113 grass-
land polygons in which vegetation for the studies in Papers I-III was sampled are indicated.



17Plant community assembly and biodiversity

sional age classes, corresponding to 5-15, 16-50, 

51-270 and >270 years of grassland continuity, us-

ing GIS-overlay analysis based on historical land-

use maps (Johansson et al. 2008). Between May 

and July 2009, presence/absence data were col-

lected for all non-woody, vascular plant species 

(234 in total) within 2 × 2 m plots. Each of the four 

successional stages is represented by 55 plots 

(n=220 in total).

Local (site) descriptors

For the studies in Papers I-IV, each grassland pol-

ygon was assigned to one of four age classes (30, 

55, 105 and >275 years), defined as years of grass-

land continuity before 2004, based on GIS overlay 

analysis of land-cover/vegetation maps produced 

from historical maps or aerial photographs by Jo-

hansson et al. (2008). Grazing intensity, on a scale 

of 0 to 4 (ungrazed to well-grazed), was subjec-

tively estimated, on the basis of vegetation height, 

the presence of grazing animals and recent signs 

of grazing such as dung/droppings and cropped 

vegetation (Reitalu et al. 2008). Within each grass-

land polygon, the total area (ha) was estimated, 

and the cover of trees (%) was used as a descriptor 

of light-availability (shading) and litter accumula-

tion (Reitalu et al. 2008). Habitat heterogeneity was 

quantified by the Shannon-Wiener index based on 

the proportions (%) of seven different sub-habi-

tats: the cover of trees, the cover of each of the 

shrub species Prunus spinosa, Juniperus communis 

and Corylus avellana, and the proportions of moist 

areas, eutrophicated areas and tracks.

 In Paper V, the amount of within-plot distur-

bance was characterized by the percentage of bare 

ground, and total available phosphorus was esti-

mated from mixed soil samples (3-5 per plot) us-

ing the Bray 1 method.

Landscape descriptors

Historical and present landscape structure was 

quantified, within a 200-m (Paper IV) and 300-m 

(Papers I-III) buffer zone surrounding the edges 

of the studied grassland polygons (Johansson et 

al. 2008). Measures of historical landscape struc-

ture were based on land cover maps from three 

different time periods (1800, 1835, 1938). Three 

kinds of landscape descriptors were used: (1) per-

centage of grassland habitat (Papers I-IV), (2) per-

centage of forest (Paper IV) and (3) diversity of the 

surrounding landscape (Papers I-III), defined by 

the Shannon-Wiener Index and ten habitat types: 

semi-natural grassland, alvar grassland, cultivated 

grassland, other grassland, arable land, closed for-

est, semi-open forest, hazel scrub, wetland and 

other land use (classified by Johansson et al. 2008).

Traits

For the studies in Papers II-V we used quantitative 

information of plant functional traits (continuous 

and ordinal) that were either measured in the field 

and in the lab (Paper IV), or compiled from data 

bases (Papers II, III & V; Poschlod et al. 2003; Kley-

er et al. 2008). The traits that were used are poten-

tially important for the species’ response to envi-

ronmental change, and/or are important to eco-

system functioning. The studies in Papers II and 

III focussed on the following regenerative traits 

that are related to the plant species ability to dis-

perse and persist: long-distance dispersal poten-

tial by wind and animals (epi- and endozoochory), 

seed bank persistence, adult plant longevity, seed 

production per ramet and seed mass. Both regen-

erative and vegetative traits were used in Papers 

IV and V. The vegetative traits comprised canopy 

height, reproductive height, lateral spread, tough-

ness, leaf size, specific leaf area, leaf dry matter 

content and plant life form, and are mainly re-

lated to the plant species’ competitive ability and 

the ability to respond to environmental stress.
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Phylogeny

Phylogenetic data (in Papers III & V) were ob-

tained from a phylogenetic supertree for Central 

European Angiosperms (Durka 2002; with updat-

ed topology) without branch length information. 

Branch length information was obtained by dating 

the internal nodes of the topological tree with the 

help of an extensive literature survey on published 

ages of the respective branching events. Missing 

species (Helianthemum oelandicum, Oxytropis 

campestris, Ranunculus auricomus, Sesleria uligi-

nosa) were added manually.

Diversity measures

Multiple facets of biodiversity (taxonomic, func-

tional and phylogenetic), as well as their within- 

(alpha) and between- (beta) community compo-

nents, were calculated.

 Species richness (taxonomic alpha diversity) of 

grassland specialist and generalist species, in 50 

× 50 cm plots, as well as in entire grassland poly-

gons, was estimated in Paper I. 

 In Paper IV, functional trait diversity for single 

traits was calculated using the Rao index (cf. La-

vorel et al. 2008), which is the sum of all pairwise 

distances between species with respect to their 

trait values, and measures the extent to which 

species within a community are functionally dif-

ferent. 

 Two measures of multivariate-trait diversity 

(including five dispersal and persistence traits) 

within grassland sites were assessed in Paper III: 

a) Functional richness (Cornwell et al. 2006), a 

measure of the multivariate range of trait values, 

or the functional space that is occupied by spe-

cies, and b) Functional divergence (Villéger et al. 

2008), a measure of how species are distributed 

within the functional trait space and of the extent 

to which the species in a community have distinct 

or extreme trait values. 

 In the successional study (Paper V), function-

al and phylogenetic (alpha and beta diversity) 

were assessed. For consistency, the functional and 

phylogenetic diversity indices were calculated us-

ing identical methods. Both functional and phy-

logenetic alpha diversity were characterised by the 

mean pairwise distance (MPD, Webb et al. 2002) 

which was calculated from species distance ma-

trices based on either eleven species traits or the 

branch lengths in the phylogenetic tree (Devictor 

et al. 2010a). Taxonomic, phylogenetic and func-

tional beta diversity were assessed based on Sø-

renson’s index. For phylogenetic and functional 

beta diversity, the Sørenson index was defined as 

the fraction of branch length that is shared be-

tween two communities, either in a phylogenetic 

tree or a functional trait dendrogram (Bryant et 

al. 2008; Swenson et al. 2011).

Analysis

The studies in Papers I, III and IV used general-

ized linear models (GLMs) to quantify the rela-

tionship between the environmental descriptors 

(both current and historical) and the different 

diversity measures. Hierarchical partitioning 

(Chevan & Sutherland 1991) was used in Paper I 

to estimate the independent contribution of each 

of the explanatory variables in the multivariate 

GLMs. Two-way interactions between the local 

and landscape descriptors, as well as quadratic 

effects, were included in the GLMs in Paper III.

 Spatial autocorrelation in the model residuals 

was addressed using simultaneous autoregressive 

(SAR) models (Kissling & Carl 2008) in Paper IV. 

In Paper III we accounted for spatial and phyloge-

netic residual autocorrelation simultaneously, us-

ing spatio-phylogenetic eigenvector filtering (Kühn 

et al. 2009).

 Permutation-based fourth-corner analysis (a 

three-table method) was used in Paper II, to quan-

tify and test the direct linkages between species 

traits and the environmental conditions of the 
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sites where the species occur (Dray & Legendre 

2008). 

 Various types of null models were used in Pa-

pers III and V to assess whether the observed val-

ues of functional or phylogenetic diversity were 

higher or lower than expected from a random 

draw of species from the regional species pool.

Results and discussion

The response of biodiversity to local, land-
scape and historical factors

The range of ecosystem functions that a commu-

nity provides is determined by the diversity of 

functional traits as well as the diversity of species 

that carry these traits (Mayfield et al. 2010). The 

results in Papers I and IV show that the species 

richness, as well as functional trait composition 

(communities weighted mean trait values (CWM) 

and functional divergence (FD)), within semi-

natural grassland plant communities are deter-

mined by both current and the historical charac-

teristics of the landscape and local the manage-

ment regime. 

Species richness

Significant relationships between species richness 

and local environmental factors and the structure 

of the surrounding landscape, both at the present-

day and in the past, have been demonstrated in 

earlier studies (Bruun 2000; Lindborg & Eriksson 

2004; Reitalu et al. 2009). However, if species with 

restricted ecological preferences (specialists) are 

more strongly affected by environmental change 

than species that occupy a wider range of habitats 

(generalists; Pandit et al. 2009; Devictor et al. 

2010b; ten Brink & Bruun 2011), the response of 

species richness to habitat loss and fragmentation 

is expected to depend on the degree of habitat 

specialization. Relationships between species di-

versity and local and landscape factors may also 

depend on the scale of the study (Weiher & Howe 

2003), and may, for example, depend on whether 

species data were collected in small plots (< 1m²; 

e.g. Öster et al. 2007; Reitalu et al. 2009) or within 

entire patches (Bruun 2000; Krauss et al. 2004).

 We found that at the scale of the whole grass-

land polygon (patch), species richness of both spe-

cialists and generalists were mainly explained by 

local habitat characteristics (grassland continuity 

and grazing intensity; Table 3 and Fig. 2 in Paper 

I). At the scale of 50 × 50 cm grassland plots, spe-

cies richness was explained by local habitat char-

acteristics as well as the properties of the sur-

rounding landscape, with specialist species rich-

ness being associated with a different set of envi-

ronmental and landscape variables than the spe-

cies richness of generalists (Table 3 and Fig. 2 in 

Paper I). 

 The positive association between grassland 

continuity and species richness at the polygon 

scale suggests that both specialists and generalists 

have accumulated in the old grassland sites over 

centuries of grazing management. Species rich-

ness increased with higher grazing intensity, sug-

gesting that the abandonment of grazing manage-

ment is likely to cause decreases in the species 

richness of both specialists and generalists.

 At the scale of 50 × 50 cm plots, the species 

richness of specialist species was higher in grass-

land plots that were surrounded by a highly het-

erogeneous landscape (Table 3 and Fig. 2 in Paper 

I), suggesting that the negative effects of land-

scape fragmentation on grassland communities 

may be compensated for by the input of grassland 

species from a highly diverse surrounding land-

scape.

Functional trait responses

 Although the impact of local management re-

gime and landscape structure on species diversity 

is increasingly recognized, few studies have inves-
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tigated how functional trait diversity (i.e. func-

tional composition) may respond to these different 

factors (but see Mokany et al. 2008) and historical 

factors have been included even more seldom into 

these studies (but see Lindborg 2007; Quetier et 

al. 2007). In Paper IV we characterized the func-

tional composition within grassland communities 

with respect to ten plant characteristics (traits) 

that are potentially related to the plant species’ 

response to environmental changes and/or that 

may affect ecosystem processes.

 The functional trait composition of present-

day communities was explained by both current 

and historical habitat conditions (Table 2 in Paper 

IV). The significant relationship between historical 

factors and the community weighted mean trait 

values (CWM), as well as the functional dissimi-

larity (FD) in present-day communities, indicates 

that there is a long time lag in the functional re-

sponse to landscape fragmentation and habitat 

loss.

 The FD of seed mass, leaf size, lateral spread 

and natural reproductive height were positively 

associated with present-day grazing intensity (Ta-

ble 2 in Paper IV), suggesting that abandonment 

of grazing management would not only cause de-

clines in species richness (see Paper I) but is also 

likely to cause a loss of trait diversity, at least in 

these four traits, and consequently a loss of eco-

system functions that are associated with these 

traits. The decrease of CWM of reproductive 

height in response to grazing was accompanied 

by increases in FD for this trait, suggesting that 

mean vegetative height may not be a sufficient 

indicator for grazing intensity. 

 We also show that the CWM of leaf size and 

the CWM of lateral spread increased with increas-

ing percentages of shrub cover within the grass-

land patches (Table 2 in Paper IV). Shrub cover 

may be related to light availability and may also 

reflect longer periods of grassland abandonment, 

and therefore the greater leaf size and lateral 

spread values are likely to reflect an advanced 

stage of succession (Kahmen & Poschlod 2004). 

 The functional composition in present-day 

communities was not significantly associated with 

the structure of the current landscape, but instead 

with the percentage of grassland habitat in the 

historical landscape (in 1800), indicating that the 

plots that were surrounded by high amounts of 

grassland habitat in the past not only are taxo-

nomically more diverse (see Paper I), but are also 

more diverse functionally.

 Our results suggest that both current and his-

torical drivers of changes in biodiversity need to 

been taken into account in order to develop reli-

able indicators of biodiversity change.

Linking dispersal potential and landscape 
history

The ability to disperse and persist determines the 

response of plant species to environmental chang-

es (Cain et al. 2000; Nathan 2006). Each plant spe-

cies is potentially dispersed by multiple vectors in 

space as well as in time, and the diversity of dis-

persal and persistence traits therefore represents 

an important aspect of biodiversity that is likely 

to influence the way in which communities and 

their associated functions are sustained under 

future environmental change (Ozinga et al. 2004; 

Mayfield et al. 2006). But what are the factors that 

determine the distribution and the diversity of 

dispersal and persistence traits in plant communi-

ties?

 If there is a time lag in species’ responses to 

rapid land use change, the dispersal characteris-

tics of species in present-day plant communities 

are expected to reflect the historical rather than 

current availability of suitable habitat (Herben et 

al. 2006). In Papers II and III we show that both 

the long-distance dispersal traits and the diver-

sity of dispersal and persistence strategies, within 

present-day grassland plant communities were 

mainly determined by historical rather than cur-

rent characteristics of the landscape and the local 
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management regime, highlighting the importance 

of history as a determinant of dispersal potential.

Dispersal and persistence traits 

Our results demonstrate that grassland sites that 

were surrounded by large proportions of grassland 

habitat as well as had a long history of continuous 

grazing management contained plant species that 

had a high long-distance dispersal (LDD) potential 

by wind and animals (Figs. 2, 3; Table 2 in Paper 

II). None of the dispersal traits was associated 

with the amount of grassland habitat within the 

current surrounding landscape, suggesting that 

the colonization of plant species that are depend-

ent on long-distance dispersal is limited within 

the current landscape. However, we also found 

that wind dispersal potential was higher in in-

tensely grazed sites, whereas animal dispersal 

potential increased with decreasing tree cover - 

although dispersal is limited within the increas-

ingly fragmented landscape, wind- and animal 

dispersed species may persist locally in sites that 

are open (less shaded) and disturbed by grazing 

which creates gaps that are available for establish-

ment. While not associated with the percentage of 

grassland habitat in the current surrounding land-

scape, adult plant longevity was significantly 

higher in sites that were isolated in the past (Fig. 

2), indicating that long-term persistent species 

with the ability to spread clonally show a delayed 

response to habitat fragmentation.

 Seed production is another factor that limits 

dispersal (Primack & Miao 1992). In our study, 

species that produce low numbers of seed were 

mainly found in grassland sites that were sur-

rounded by high amounts of grassland in the past, 

suggesting that colonization success of species 

with low seed production was higher in the his-

torical landscape, and that these species are more 

strongly affected by landscape fragmentation than 

species that produce large numbers of seeds (Til-

man 1994). The results in Paper II suggest that 

long-distance dispersal processes are no longer 

contributing to the colonization (dispersal and 

establishment) of grassland species within the in-

creasingly fragmented landscape, and that local 

communities are increasingly becoming domi-

nated by long-term persistent species.

Drivers of dispersal trait diversity 

 However, the loss of specific dispersal vector 

may be compensated for, if the species within a 

local community have a wide range of dispersal 

and persistence strategies (i.e. if a community has 

a high diversity of dispersal and persistence traits). 

In Paper III, we assessed the diversity of dispersal 

Fig. 2.  Correlations between the six dispersal traits 
and a) percentage of grassland and b) diversity of the 
surrounding landscape at three time intervals: pres-
ent-day (2004) and past (1835 & 1938). Significant re-
lationships are indicated *** P ≤ 0.001; ** P ≤ 0.01; * P ≤ 
0.05.
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and persistence traits (multivariate range and dis-

persion of trait values) within grassland sites, and 

demonstrate that there were many sites which had 

a trait diversity that was higher or lower than ex-

pected from randomly generated communities 

(Fig. 1 in Paper III), indicating that there were un-

derlying environmental filters that restrict the 

range and dispersion of dispersal and persistence 

trait values in these communities (Kembel 2009; 

Schamp & Aarssen 2009). Because plant coloniza-

tion (dispersal and subsequent establishment) 

depends on dispersal between grassland patches 

and establishment in suitable microsites, gradi-

ents of landscape complexity and/or disturbance 

intensity are likely to have acted as filters that 

constrain the diversity of different trait values in 

the local communities.

 Dispersal trait diversity (functional richness 

and functional divergence) was mainly deter-

mined by the history of a site and its surrounding 

landscape. Functional divergence, a measure of 

the extent to which species have different/distinct 

dispersal and persistence trait values, was highest 

in old grassland sites and in sites that were sur-

rounded by large amounts of grassland habitat 

within the historical landscape. The structure of 

the historical landscape is likely to have facilitated 

dispersal by multiple vectors and long-term graz-

ing continuity may have ensured the availability 

of suitable microsites (gaps) in which seeds can 

establish, once they have arrived there – generat-

ing communities that contain species with a wide 

range of different dispersal strategies.

 Our results demonstrate that the long-term 

grazing continuity, and a high amount of dispersal 

sources in the surrounding landscape, not only 

enhances long-distance dispersal potential by sin-

gle vectors (Figs. 2, 3), but also contribute to a 

higher diversity of different dispersal and persis-

tence strategies within the present-day grassland 

sites.

 Although current grazing management had no 

direct effect on trait diversity, we found that the 

effect of present-day grazing intensity on dispersal 

trait diversity depended on the structure of the 

landscape that surrounded the grassland sites in 

the past. Current grazing management promotes 

Fig. 3.  Probability density plots showing the distri-
bution of a) wind dispersal potential, b) epizoochory 
and c) adult plant longevity for different grassland 
age classes (30, 50, 105 and 275 years of grazing conti-
nuity). Mean trait values (at the grassland polygon 
level) were standardized with mean = 0, standard de-
viation = 1.
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a higher diversity of dispersal and persistence 

traits within grasslands, but only if the sites were 

surrounded by large amounts of grassland habitat 

in the past (Fig. 4). 

 Functional richness of dispersal and persis-

tence traits, a measure of the multivariate range 

of trait values within a community, was lower 

than expected from random communities in the 

youngest sites and sites that were overgrown by 

trees (Table 2 in Paper III). The low functional 

richness values in the young grasslands are a re-

flection of low proportions of long-distance dis-

persed species (Fig. 3 in Paper III), whereas high 

levels of shading and high amounts of litter in 

sites that are overgrown by trees appear to have 

selected for long-term persistent species (Fig. 3 in 

Paper III).

Temporal changes in biodiversity

An understanding of (a) how different facets of 

biodiversity change after ecosystem disturbance 

and (b) the processes that underlie (produce) 

these changes is crucial for more accurate predic-

tions about how biodiversity and its associated 

functions will respond to future environmental 

changes (Noble & Gitay 1996; Loreau et al. 2003; 

Prach & Walker 2011).

In Paper V we assessed taxonomic, phylogenetic 

and functional (alpha and beta) diversity at four 

stages along a more than 300 year long chronose-

quence, representing an arable to semi-natural 

grassland succession. We then aimed to scrutinize 

which mechanisms might have been responsible 

for changes in these different facets of biodiver-

sity.

Within-community (alpha) diversity

Although all three facets (taxonomic, phyloge-

netic and functional) of within-community (al-

pha) diversity increased during succession, they 

showed contrasting patterns of change over time 

(Fig. 5). Species richness increased steeply be-

tween early and early-mid succession (5-50 years), 

but the fact that there was no concurrent increase 

in phylogenetic or functional alpha diversity indi-

cates that mainly closely related and functionally 

similar species enter the communities between 

the early and early-mid successional stages.

 Null model analysis revealed that the func-

tional diversity in early and early-mid succes-

sional communities was lower than expected 

given the observed levels of species richness (Fig. 

6), suggesting that filtering effects have selected 

for species with specific sets of traits, which cause 

that these communities contain species that are 

functionally more similar than predicted by 

chance. Such filtering processes may provide an 

explanation of why there is no increase in func-

tional diversity between the early and mid succes-

sional stages, despite the strong increases in spe-

cies richness. The fact that the communities in 

early and mid succession mainly consist of wind 

dispersed species (Fig. 5 in Paper V), indicates that 

there is strong trait-based dispersal filtering, 

Fig. 4.  Dispersal trait diversity (FDiv; light grey to 
black shading) in response to the interaction be-
tween present-day grazing intensity (Grazing) and 
amount of grassland in the historical landscape in 
1938.
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which favours species that have a high long-dis-

persal potential. We also found that early and 

early-mid successional communities mainly con-

sisted of tall species that had a high seed produc-

tion as well as high specific leaf area (SLA; Fig. 5 

in Paper V). The effects of large scale disturbance 

and fertilization from former agricultural cultiva-

tion that are likely to have persisted in the early 

successional stages are likely have acted as filters 

that have selected for fast growing and stress-

tolerant species (Fraterrigo et al. 2005; Carbajo et 

al. 2011). 

 Although there was no change in phylogenet-

ic and functional alpha diversity between early 

and early-mid succession, phylogenetic and func-

tional diversity steeply increased between late-

mid (50-270 years) and late succession (>270 years; 

Fig. 5). The lack of change in species richness, 

although phylogenetic and functional diversity 

increased, indicates that closely related and func-

tionally similar species are replaced by phyloge-

netically and functionally more unique species 

between late-mid and late succession. The species 

within the late successional communities were 

functionally less similar than in the early succes-

sional communities (Fig. 6), suggesting that the 

relative importance of abiotic and trait-based dis-
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persal filters has decreased over time and com-

petitive exclusion of functionally similar species 

becomes more important in late succession where 

the vegetation sward is more dense and resources 

(e.g. Phosphorus; Fig. 6 in Paper V) become limit-

ing.

Between-community (beta) diversity

While the taxonomic, phylogenetic and function-

al diversity within communities increased 

throughout succession, all three facets of beta di-

versity decreased (Fig. 3 in Paper V). Although 

communities become more diverse internally, 

they become taxonomically, phylogenetically and 

functionally more homogeneous during the 

course of succession.

 Null model analysis revealed that throughout 

succession the decline of functional beta diversity 

was more rapid than expected from the temporal 

decrease in taxonomic beta diversity (Fig. 4, Paper 

V). Within all successional stages, communities 

tended to be phylogenetically as well functionally 

more dissimilar than expected, given the taxo-

nomic beta diversity (Fig. 4, Paper V). As with the 

results from the analysis of functional alpha di-

versity (Fig. 6), functional beta diversity showed 

the strongest deviations from random expecta-

tions within the early and mid successional stag-

es (Fig. 4, Paper V), suggesting that dispersal 

limitation and/or underlying environmental gra-

dients determine the species turnover, with re-

spect to their traits, in early and mid succession. 

Our finding that communities become more ho-

mogeneous in the late successional stages is like-

ly to reflect (a) the lower levels of dispersal limita-

tion in the old grasslands (Fig. 5, Paper V) and (b) 

the fact that grassland sites become more similar 

with respect to their environmental conditions as 

succession proceeds (Fig. 6, Paper V).

 In contrast to the functional diversity, phylo-

genetic diversity did not differ significantly from 

random expectations in any of the successional 

stages (Fig. 4, Paper V). The non-congruent pat-

terns in phylogenetic and functional alpha diver-

sity suggest that there are low levels of trait con-

servatism, and that closely related species do not 

share similar traits. This interpretation is sup-

ported by the results of a test for phylogenetic 

signal which revealed low phylogenetic signal in 

each of the eleven traits that were used to calcu-

late the functional diversity (Table A4 in Supple-

mentary material of Paper V). In our study, phylo-

genetic similarity is a poor reflection of function-

al similarity and therefore has only limited ability 

to (a) detect community assembly processes and 

(b) predict changes in ecosystem functioning.

Conclusions

The results of the present thesis emphasize: 

a) that multiple facets of biodiversity should be 

considered in order more realistically assess the 

full dimensions of the biodiversity loss resulting 

from human-driven environmental changes, 

b) the importance of history as a major determi-

nant of biodiversity, and 

c) that the simultaneous consideration of multiple 

facets of biodiversity can provide new insights into 

the processes that shape communities. 

 The range of traits (i.e. functional trait diver-

sity) within a community as well as the number 

of species that carry these traits influence the 

functions that an ecosystem is able to provide. 

The results of this thesis show that both grassland 

plant species richness and functional trait diver-

sity in grassland sites were to a large extent ex-

plained by the land use history of the sites and the 

availability of grassland habitat in the surround-

ing historical landscape (Papers I & IV). Informa-

tion on local management history as well as land-

scape history is likely to contribute to better pre-

dictions about the response of grassland biodiver-

sity, and its associated functions, to future habitat 

destruction than can be obtained solely on the 
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basis of descriptors of the current environment. It 

appears that not only is there a delayed loss of 

species diversity in response to landscape frag-

mentation (a phenomenon referred to as the “ex-

tinction debt”) but that there is also a delayed 

decline of functional diversity in response to on-

going habitat destruction (i.e. a “functioning 

debt”; Gonzalez et al. 2009) that will potentially 

generate a time lag in the changes in ecosystem 

attributes.

 The extent to which plant communities can 

track future environmental change will be deter-

mined by the ability of their component species 

to disperse and to persist. The results of the pre-

sent thesis illustrate the importance of local man-

agement history as well as landscape history as 

determinants of both dispersal potential by single 

vectors and the diversity of different dispersal and 

persistence strategies within present-day grass-

land communities. Long-distance dispersal by 

wind and animals no longer appears to be con-

tributing to the colonization of the remaining 

fragments of habitat within the increasingly frag-

mented modern landscape, and long-term persis-

tent species are likely to dominate the grassland 

communities in the future. Long-term grazing 

continuity has promoted the diversity of dispersal 

and persistence traits within grassland communi-

ties. Whereas many long-distance dispersed spe-

cies can still persist locally in the presence of dis-

turbance which creates gaps that are available for 

establishment, grazing management may also 

promote the diversity of different dispersal and 

persistence strategies, but only in sites that were 

well connected to grassland areas in the past. The 

extent to which grassland management strategies 

can maintain a high diversity of dispersal and per-

sistence strategies, and thereby the capacity of a 

plant community, and its associated functions, to 

buffer environmental change, will depend on the 

context of the site within the historical surround-

ing landscape.

 The comparative analysis of taxonomic, phy-

logenetic and functional diversity at different 

stages of arable to semi-natural grassland succes-

sion provided insights into the temporal dynamics 

of the processes that drive biodiversity changes 

(Paper V). It is often debated to what extent com-

munity assembly after disturbance is random or 

deterministic. The results of this thesis demon-

strated that the community assembly during sec-

ondary grassland succession was deterministic 

with respect to species traits, suggesting it may be 

possible to predict changes in biodiversity, and 

associated alterations in ecosystems functioning 

in future environments, on the basis of species 

functional traits. Trait-mediated environmental 

and dispersal filtering are likely to play a more 

dominant role in early and mid-succession, and 

the relative importance of competitive exclusion 

appears to increase in later successional stages. 

Taxonomic, phylogenetic and functional diversity 

show contrasting patterns of change over time. 

Short-term grazing management (5-50 years) pro-

motes species richness, but does not enhance phy-

logenetic and functional diversity. However, only 

long-term grazing management, over more than 

270 years promotes phylogenetic and functional 

diversity without further increases in species rich-

ness.

 Overall, the results of this thesis suggest that 

the assessment of multiple facets of biodiversity 

and their linkages to current and historical envi-

ronments is likely to contribute to a better under-

standing and more accurate predictions of biodi-

versity and ecosystem responses to future envi-

ronmental change.
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