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Abstract Research has delivered convincing findings on
the effect of biodiversity on ecosystem functioning and
humankind. Indeed, ecosystems provide provisioning,
regulating, supporting, and cultural services. The global
value of annual ecosystem services of grasslands and
rangelands is about US$ 232 ha−1 year−1. Nevertheless,
the precise evaluation of biodiversity benefits remains
challenging. This issue is due to valuation methods,
subjective assumptions, and complexity of drivers of plant
community dynamics. Here, we review the primary factors
that influence plant diversity of permanent grasslands, and
we describe underlying processes. These factors must
indeed be identified to focus policies meant to preserve
and restore plant diversity and to advise farmers about
efficient decision rules. We show that plant dynamics of
permanent grasslands cannot be explained simply by
agricultural management rules, e.g., grazing, fertilization,
and mowing, implemented at the field scale. The configu-
ration of the surrounding landscape, e.g., landscape
heterogeneity, habitat fragmentation, and connectivity, acts
as a species filter that defines the regional species pool and
controls seed flow. The regional species pool often contains
higher species richness in a heterogeneous landscape,
because of a higher diversity of suitable habitats. This

regional pool could be a major species sources for
permanent grasslands according to the seed flow. We
discuss the need to consider all of these factors to
understand plant species composition of permanent
grasslands and the necessity to study plant communities
using both taxonomic and functional approaches. In
order to report this integrative approach, we propose a
conceptual model based on three ecological challenges—
dispersal, establishment, and persistence—that are con-
sidered to act as filters on plant diversity, and a
graphical representation of the complexity of such
studies due to the interaction effects between plant
dispersal abilities, forage productivity, disturbances
induced by farming practices, and landscape heteroge-
neity on plant diversity. Last, we discuss the ability of
farmers to manage each factor and the necessity of such
study in the improvement of the current agro-environment
schemes efficiency for farmland biodiversity restoration or
preservation.
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assembly rules . Ecological filtering . Farmland
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Plant community . Plant functional traits . Seed bank

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Assessable factors at the field scale . . . . . . . . . . . . . 3

2.1. Grazing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1. Stocking rate . . . . . . . . . . . . . . . . . . . . . 3
2.1.2. Grazing seasonality . . . . . . . . . . . . . . . . . 6
2.1.3. Herbivorous livestock . . . . . . . . . . . . . . . . 7

2.2. Nutrient fertilization . . . . . . . . . . . . . . . . . . . . 7

E. Gaujour :C. Mignolet
INRA, UR55 ASTER Mirecourt,
662 avenue Louis Buffet,
88500 Mirecourt, France

B. Amiaud (*) : S. Plantureux
UMR Nancy-Université-INRA
Agronomie et Environnement Nancy-Colmar,
2 avenue de la Forêt de Haye,
54505 Vandoeuvre-lès-Nancy, France
e-mail: Bernard.Amiaud@ensaia.inpl-nancy.fr

Agron. Sustain. Dev. (2012) 32:133–160
DOI 10.1007/s13593-011-0015-3



2.2.1. Inorganic nutrient fertilization . . . . . . . . . . . 7

Nitrogen . . . . . . . . . . . . . . . . . . . . . . . 7
Phosphorous . . . . . . . . . . . . . . . . . . . . . 8
Lime . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.2. Organic nutrient fertilization . . . . . . . . . . . . 8
2.3. Mowing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4. Soil seed bank . . . . . . . . . . . . . . . . . . . . . . . 11

3. Assessable factors at the landscape scale . . . . . . . . . 12

3.1. Landscape heterogeneity . . . . . . . . . . . . . . . . . 13

3.1.1. Definition and primary effects on plant
species in farmlands . . . . . . . . . . . . . . . . . 13

3.1.2. Effects and processes of landscape heterogeneity
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.3. Landscape elements . . . . . . . . . . . . . . . . . . 14
3.2. Habitat fragmentation . . . . . . . . . . . . . . . . . . 14

3.2.1. Fragment area . . . . . . . . . . . . . . . . . . . . . . 15
3.2.2. Edge effect . . . . . . . . . . . . . . . . . . . . . . . 16

3.3. Habitat connectivity and corridors . . . . . . . . . . 16

3.3.1. Functional connectivity . . . . . . . . . . . . . . . 17
3.3.2. Corridors . . . . . . . . . . . . . . . . . . . . . . . 17

4. Synthesis and conclusion . . . . . . . . . . . . . . . . . . . . 18

4.1. Knowledge integration in community assembly
theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4.2. Mobilization of factors by a single farmer . . . . 20
5. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
6. Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . 22
7. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1 Introduction

The Millenium Ecosystem Assessment (Reid et al. 2005)
has clearly identified that ecosystem biodiversity preserva-
tion is essential for humankind because it provides
provisioning, regulating, supporting, and cultural services.
Recent biodiversity and ecosystem functioning research has
delivered persuasive findings on the effect of biodiversity
on ecosystem functioning (Loreau et al. 2001), especially in
grassland ecosystems (Hector et al. 2010). For the entire
biosphere, the value (most of which is outside the market)
is estimated to be in a range of US$ 16–54 trillion per year,
with an average of US$ 33 trillion per year (Costanza et al.
1997). For example, the global value of annual ecosystem
services of grasslands and rangelands has been estimated to
US$ 232 ha−1 year−1, and the nutrient cycling or pollination
ensured by the different biomes have been estimated to US$
17 and 117 trillons year−1 respectively (Costanza et al.
1997). Nevertheless, the precise and complete evaluation of
the benefits from biodiversity still remains difficult, partly

because of the valuation methods and some subjective
assumptions (Chee 2004; Spangenberg and Settele 2010).

Permanent grasslands are kind of agricultural fields with
high biodiversity in farmlands due to high plant species
diversity (Gibon 2005; Reidsma et al. 2006). The plant
diversity in permanent grasslands potentially provides
many benefits for ecosystem functioning and agricultural
production: increased forage production (Fischer et al.
2008; Roscher et al. 2005; Tilman et al. 2001; Tilman et
al. 1996), greater ecosystem stability in response to biotic
and abiotic disturbances (Fischer et al. 2008; Tilman and
Downing 1994), decreased invasion by exotic weed species
and indigenous species from surrounding habitats (Fischer
et al. 2008; Roscher et al. 2009; Sanderson et al. 2007), and
enhanced nutrient cycling (Fischer et al. 2008). Plant
diversity is thus a key element in both ecological and
agronomic functioning of permanent grasslands within a
farmland. To develop efficient agro-environmental schemes
(Kleijn and Sutherland 2003) to preserve plant diversity in
permanent grasslands, policy makers, stakeholders, advisers,
and scientists must identify the crucial factors and associated
mechanisms and quantify their effects. However, most
scientific studies interested in such factors have examined
the effects and mechanisms of only one or a few influential
factors (e.g., grazing effects; Bullock and Pakeman 1996;
Hickman et al. 2004) without considering other influential
factors on plant diversity.

In this review, we aim to describe the primary factors
and underlying processes that influence plant diversity in
permanent grasslands. Our objective is to demonstrate that
plant diversity in grasslands is determined by both field-
and landscape-scale factors. We describe the processes
associated with each influential factor to distinguish the
roles of: (a) farming practices carried out in permanent
grasslands at the field scale and (b) landscape configura-
tion, i.e., spatial structure and functional characteristics in
areas surrounding grasslands. Moreover, we consider both
taxonomic and functional approaches. We describe the
effects of these factors on taxonomic diversity (species
richness) and on functional groups based on functional
properties (sensu Violle et al. 2007) of plant species. The
advantage of a functional properties approach is that
different plant communities may be compared, and general
trends may be inferred (Diaz et al. 1998). Among
influential factors, we do not describe the effects of edaphic
conditions on plant communities because this subject has
already been studied extensively (e.g., Janssens et al. 1998).

In terrestrial ecosystems, vegetation creates the basic
habitat structure for many animal species. In addition,
plants form the first trophic level of terrestrial food webs.
They are eaten by herbivores, which provide food for
carnivores and parasitoids, which in turn may be parasitized
or consumed by predators (Pimm 2002). Perturbations of
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the vegetation also disturb higher trophic levels and hence
the functioning of the agro-ecosystem as a whole (Wardle et
al. 1999). Conversely, plants often need vectors for
pollination (entomogamous plant species) and seed dispersal
(zoochorous plant species). Plant species diversity in perma-
nent grasslands cannot be explained simply by agricultural
management schemes implemented at the local scale (i.e., the
field scale). The surrounding landscape also plays an
important role (Barbaro et al. 2004; Waldhardt et al. 2004),
affecting seed dispersal (Geertsema et al. 2002; Rew et al.
1996) and pollen flow (van Geert et al. 2010).

Plant species expand their ranges through propagule
dispersal (Rew et al. 1996). Pollination provides genetic
mixing, which enhances genetic diversity and thus safe-
guards the adaptability and resilience of plants to natural or
human constraints (Newman and Tallmon 2001). The
surrounding landscape is regarded as a major filter of plant
species and thus determines the regional pool of plant
species (Belyea 2004; Dupré 2000; Ozinga et al. 2005). The
regional species pool includes the set of species occurring
in a certain region by migration, dispersal, or release from a
seed bank (Belyea 2004; Zobel 1997). Competition for
resources and resource use efficiency tends to favor some
species within the regional pool (Balent et al. 1999; Belyea
2004). Filters including landscape configuration, farming
practices, and inter- and intra-specific resource competition
determine the actual species pool (Belyea 2004), i.e., the
established vegetation in a given permanent grassland.
Filter is considered as a factor preventing the development
of plant species in a habitat.

The development of agro-environmental schemes to
preserve or restore plant diversity in permanent grasslands
requires an understanding of these factors and processes.
Understanding these processes can help to predict the time
lag between a change in one factor initiated by an agro-
environmental scheme and the observation of consequences
in the grassland vegetation. Moreover, management
schemes are implemented by individual farmers, but current
schemes do not consider the capacity of each farmer to
reach the objective of a particular scheme. Some expected
results of agro-environmental schemes cannot be achieved
by a single farmer but by all farmers sharing the same
territory. In particular, when plant diversity or a given
endangered species is affected by the surrounding land-
scape configuration, a single farmer cannot achieve the
expected results of a conservation scheme. The objectives
of the current review are: (a) to integrate knowledge of
plant ecology in permanent grasslands and (b) to identify
factors that can be adapted by individual farmers and
factors that depend on several farmers within a territory.

We first present factors at the field scale, followed by
factors at the landscape scale. We describe the effect of
each factor on plant diversity and the major mechanisms by

which changes occur. We summarize these factors and
processes in a single table (Table 1). We propose a
conceptual model of plant species richness based on three
ecological challenges that act as environmental filters. We
also propose a graphical representation of the interaction
effects between plant dispersal abilities, disturbance due to
farming practices, landscape heterogeneity, and forage
productivity on the dynamics of plant species richness.
We finally discuss the need to consider all of these factors
to understand the plant species composition of permanent
grasslands and the necessity to study plant communities
using both taxonomic and functional approaches.

2 Assessable factors at the field scale

We took into account the influence of farming practices and
the soil seed bank on grassland vegetation. We studied the
effects and mechanisms of grazing, nutrient supply, and
mowing. We did not examine the effects of herbicides and
tillage because these practices are rarely employed in
permanent grasslands and poorly documented in the
literature (Rahman et al. 1993; Rice and Stritzke 1989;
Sheley 2007; Tunnell et al. 2006), making it difficult to
formulate generalizations (Kleijn and Snoeijing 1997). All
factors and underlying processes described in this literature
review are summarized in Table 1.

2.1 Grazing

Grazing affects plant diversity in permanent grasslands
through the stocking rate (e.g., Diaz et al. 2001), the
seasonality (e.g., Sternberg et al. 2000) and the livestock
species used (e.g., Huntly 1991). A previous review (Diaz
et al. 2007) has shown that grazing favors: (a) annual
species, (b) species with a flat-rosette growth form, (c)
stoloniferous or hemicrytophyte species, and (d) species
with well-dispersed seeds (for example, small seeds or
seeds with pappi). These results suggest the necessity to
consider not only taxonomic indices but also plant
functional ecology to evaluate the effects of farming
practices such as grazing on grassland vegetation.

2.1.1 Stocking rate

Stocking rate is the number of grazing animals or livestock
units per unit area. Grazing disturbs plant species compo-
sition in permanent grasslands (Hickman et al. 2004;
Palmer et al. 2004). Generally, increased stocking rate is
accompanied by an increase in species with the following
functional properties: ruderal and competitive strategies
(sensu Grime et al. 1988), particularly competitive grasses
(Fig. 1, Dumont et al. 2009); annual life history; seasonal
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regeneration by seeds; flowering and seed dispersal early in
the season; rosette habit; higher light requirements; and
lower minimum height (Pakeman 2004). However, these
consequences of increased stocking rate depend on site
productivity and periodicity of such disturbance (Pakeman
2004). Conversely, low-stocking rate favors stress-tolerant
grasses (sensu Grime et al. 1988) and forbs but depending
on the starting floristic composition and site conditions
(Dumont et al. 2009).

The richness of dicotyledonous species increases with
increased stocking rate by sheep (Bullock et al. 2001).
However, this relationship is valid only above a poorly
defined threshold of stocking rate; a comparison of three
low sheep grazing intensities (one, two, and four sheep per
hectare) does not show any differences in the plant species
composition of grassland vegetation (Calladine et al. 2002).
Moreover, grasslands with intensive grazing exhibit higher
proportions of dicotyledonous species (Bullock et al. 1994),
short grasses such as Agrostis capillaris L. (Louault et al.
2005; Pavlu et al. 2007), therophytic and geophytic species
(with versatile or flat rosettes), and species with mobile seeds
(Kahmen and Poschlod 2008) compared with grasslands with
low-stocking rate (McIntyre et al. 1995).

Stocking rate can influence the plant diversity of
permanent grasslands through two mechanisms: removal
of vegetation and trampling. Grazing by herbivores leads to
spatial heterogeneity of the plant canopy (Wallace 1987) by
selective defoliation, opening regeneration niches (sensu
Grime 1979). Removal of vegetation allows light to reach
the lowest vegetation layers and the soil surface, triggering
competition for resources, such as the light (Rook and
Tallowin 2003). Several plant species grow rapidly in
canopy openings, especially creeping plants, such as
Trifolium repens L. (Pavlu et al. 2007; Pavlu et al. 2006).
Trampling induces gaps in the vegetation resulting from the
death of established individuals. Such gaps can be created
by many animals, including earthworms, ants, moles,
gophers, and birds (King 2007), but livestock such as
cattle, horses, and sheep are the most effective. These gaps
are crucial for seedling recruitment and maintenance of
plant species richness (Grubb 1977; Lavorel et al. 1994).
Gaps facilitate the spreading of species by lateral vegetative
growth and the recruitment of new species from the soil
seed bank and seed rain by reducing competition with
established species (Kotanen 1997).

Gap colonization is influenced by the size and shape of
the gap (Arnthorsdottir 1994; Shumway and Bertness 1994)
and the seasonality of gap formation (Touzard et al. 2002).
The summer grazing mechanism was clearly through the
opening of vegetation gaps, and superior gap colonizers
plant species showed a more positive response to higher
stocking rate (Bullock et al. 2001). For example, Silvertown
and Smith (1989) observed that heavy grazing by sheep inT
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summer increased the frequency of small gaps, as well as the
total area of gaps. The plants that colonize gaps may be
derived from recently dispersed seed (i.e., seed deposited or
produced at the site less than a year earlier), from the
germination of persistent seeds from the soil seed bank (i.e.,
seed deposited or produced at the site more than a year
earlier), or from ramet production from nearby individuals
(Thompson and Grime 1979; Kalamees and Zobel 2002).
Because most of the area of a small gap is close to an edge,
such a gap should be recolonized by clonal plants and by
short-range dispersal of propagules from immediately
adjacent vegetation (Kotanen 1997). In contrast, revege-
tation of larger gaps could be slower and more strongly
dominated by species with strong seed dispersal abilities
(Connell and Slatyer 1977).

Stocking rate dramatically influences botanical composi-
tion of grasslands, working on the recruitment, survival, and
dispersion of species. This factor selects species with traits
which give to these plants a tolerance to trampling and
removal of vegetation (Table 1). Due to a high level of
interaction between the components of grazing and pedocli-
matic factors, the total species richness and plant community
dynamics are not linked to stocking rate in a linear
relationship.

2.1.2 Grazing seasonality

The influence of grazing seasonality by sheep seems to be
study-dependent, ranging from beneficial for spring grazing
(Bullock et al. 2001) to neutral, whatever the season (Bullock
et al. 1994). Grasslands grazed by cattle throughout the year
have greater plant species richness than the same grasslands
grazed occasionally (Sternberg et al. 2000). Most other
studies have found no effect of grazing seasonality on
species richness (Gibson and Brown 1991; Smith et al.
1996). However, some authors (Bullock et al. 2001; Gibson
and Brown 1991; Watt et al. 1996) have found that a
combination of spring and winter grazing increases species
richness in grasslands, while Bullock et al. (2001) have
shown that heavy summer grazing decreases species richness
in some grassland. Moreover, spring and winter grazing
primarily increases the proportion of dicotyledonous species,
such as legumes (Watt et al. 1996).

These responses of plant diversity result from the
variation in the responses of individual plant species to
grazing treatments in different seasons (Bullock et al.
2001). The increased occurrence of many species with
winter grazing may be explained by their need for bare
patches (formed by winter grazing) to allow seedling

Fig. 1 Changes in the relative abundance of the main botanical
families over a stocking rate experiment performed along five
consecutive years. a An increase of relative abundance of competitive
grasses of the C-S-R and C types in the C-S-R model of primary
strategies (C competitive, S stress-tolerant, R ruderal) proposed by
Grime et al. (1988) by increasing stocking rate, b an increase of

relative abundance of forbs with a stocking rate decrease, c an increase
of relative abundance of stress-tolerant grasses of the S and S-C types
of the same model with a stocking rate decrease, and d an increase of
relative abundance of legumes when stocking rate increases (modified
from Dumont et al. 2009)
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establishment (Watt and Gibson 1988) or re-growth from
vegetative parts (Amiaud and Touzard 2004; Milberg
1993). The literature on the role of gap dynamics in
herbaceous communities in relation to grazing seasonality
is extensive (Bullock et al. 1995; Chambers 1993; Edwards
and Crawley 1999; Rapp and Rabinowitz 1985). Gap
creation during winter seems to be more important for the
establishment of dicotyledonous species than reduced
competition from dominant grasses through intensive
summer grazing (Bullock et al. 1994; Watt et al. 1996).
Indeed, summer grazing clearly affects species composi-
tion through the opening of vegetation gaps. Superior
gap-colonizing species show a more positive response to
heavy grazing (Bullock et al. 2001). Among superior
gap-colonizing species, competitor-ruderal and stress-
tolerant ruderal species are favored by heavy grazing,
despite their establishment abilities (Arnthorsdottir 1994;
Kotanen 1997).

The effect of grazing seasonality on plant biodiversity in
grasslands has not been extensively studied (Table 1). Various
effects were found, most of studies showing no influence of
this factor. A possible explanation is the diversity of
mechanisms involved at the different seasons of grazing
and the stage of plant development when grazing occurs.

2.1.3 Herbivorous livestock

Grazing maintains and enhances the structural heterogene-
ity of permanent grassland vegetation (Rook and Tallowin
2003) due to selective defoliation of plant species and
organs by herbivores (Adler et al. 2001). Herbivorous
species show different spatial and temporal patterns in their
use of plant resources (Huntly 1991). Selective grazing
between different plant communities and species has been
shown for cattle (Pratt et al. 1986), horses (Ménard et al.
2002), and sheep (Dumont et al. 2002). Feeding choices
vary depending on a wide range of factors, including
animal condition, previous grazing environment, season,
and species, breed, and gender of the animal (Illius and
Gordon 1993).

Two primary mechanisms might explain selective graz-
ing. First, forage nutritive value and biomass availability
differ among plant communities and species. Horses focus
their grazing activities on attractive sites with greater forage
quality or nutrient content (Fleurance et al. 2001). Cattle
have a similar diet selection strategy but use resources
differently because they are less constrained by plant
secondary metabolites (so they are able to use dicotyledon-
ous species to a greater extent than horses) but more
constrained by plant height (so they are unable to use short
grasslands). Sheep consume more browse species than
cattle because of their greater ability to select high-quality
plant parts such as flowers and young shoots (Olivan and

Osoro 1997). Sheep modulate their foraging paths based on
vegetative biomass abundance and/or sward structure
(Garcia et al. 2005). For example, diet selection is
influenced by plant sodium and phosphorous content
(Wallis DeVries 1998). The legume species Lotus cornicu-
latus L. has high sodium content, and its high palatability in
grazed salt marshes (Amiaud et al. 1998) may have direct
anthelminthic properties (Aerts et al. 1999). To avoid
parasitism, horses avoid grazing in specific areas used for
feces deposition (Rook et al. 2004). On the other hand,
horses choose between vegetative patches of similar quality
according to the predictions of optimal foraging models and
select those that they can ingest more quickly (Edouard et
al. 2009). The patch grazing model proposed by Adler et al.
(2001) postulates that herbivores preferentially re-use
species with high forage value in small previously grazed
areas. Additive effects are usually found when two
herbivorous species graze a resource in a similar manner,
leading to stronger effects on plant communities. In
contrast, herbivorous species show compensatory effects
when their grazing patterns differ, leading to complemen-
tary use of plant resources (Loucougaray et al. 2004).

Due to contrasted preferences for the different species in
the sward, grazing species induce various dynamic in
grassland botanical compositions.Moreover, grazing generally
enhances spatial heterogeneity (Table 1), either in a regular
pattern (cattle, sheep) or distinguishing specific areas (horse).
When associated, these animal species demonstrate additive
or compensatory effects.

2.2 Nutrient fertilization

We distinguish between organic and inorganic nutrient
fertilization. The primary difference between organic and
inorganic fertilizers from a vegetative point of view is the
differential nutrient supply that they provide to plants
(Kirkham et al. 2008). The two forms of fertilizer may
differ in their rates of nutrient release following application.
Inorganic forms induce higher nutrient availability than
fresh farmyard manure, one kind of organic fertilizer.
Moreover, farmyard manure may increase the organic
matter content of soil, thereby increasing moisture reten-
tion, which might favor more competitive species (Kirkham
et al. 2008). We consider only nutrient addition by farmers.
Thus, we do not consider nitrogen supply through atmo-
spheric deposition, which can reach 5 to 35 kg ha−1 year−1

(Stevens et al. 2004).

2.2.1 Inorganic nutrient fertilization

Nitrogen Mineral nitrogen fertilization has a detrimental
effect on plant diversity in permanent grasslands, decreas-
ing plant species richness (e.g., Gough et al. 2000;
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Jacquemyn et al. 2003; Rajaniemi 2002). The effects of
mineral nitrogen fertilization are generally shown by
using a gradient of ammonium nitrate, the nitrogen
fertilizer most used by farmers. Urea is also frequently
used, but there is no differentiation in species composi-
tion between grassland plots fertilized with different
nitrogen fertilizers (ammonium, nitrate, and urea) after
35 years (Galka et al. 2005). Nitrogen fertilization favors
the growth of grasses with erect shapes that are able to
take up nutrients from the soil rapidly and efficiently
(Tallowin and Brookman 1996), such as Lolium perenne
L., Festuca arundinacea Schrad., Phleum pratense L., and
Poa pratensis L. (Laissus and Marty 1969). However,
nitrogen fertilizers disfavor legumes (Laissus and Marty
1969), such as Trifolium sp. and Medicago sp., by
inhibiting nodosity functioning (Hopkins 2003) and
enhancing competition by grasses.

By favoring nitrophilous species (van Elsen 2000),
especially grasses, mineral nitrogen fertilization induces
competitive exclusion that leads to the disappearance of
less-nitrophilous species. Some authors have shown rela-
tionships between the capacities of species to exploit
resource-rich or resource-poor environments and key plant
traits that drive these properties (Westoby 1998). Informa-
tive plant traits include specific leaf area (SLA), leaf dry
matter content (LDMC), leaf nitrogen content, and leaf C/N
ratio (Ansquer et al. 2009). For example, species adapted to
poor resource availability (low-growing or conservative
species) have low SLA and N content and high LDMC and
leaf C/N ratio (Louault et al. 2005).

Nitrogen effects on plant biodiversity have been frequently
demonstrated. Grasses, especially competitive species with a
low leaf dry matter content, are greatly favored by nitrogen
supply, while legumes being disfavoured. Finally, species
richness decreases when the nitrogen fertility of soil is
enhanced (Table 1).

Phosphorous Phosphorous application is the practice most
responsible for decreasing species richness (Hejcman et al.
2007a; Janssens et al. 1998; Wassen et al. 2005).
Phosphorous fertilization is more likely to cause species
loss than nitrogen and lime enrichment (Hejcman et al.
2007b), particularly in high-moisture herbaceous ecosys-
tems (Wassen et al. 2005). When nitrogen is not limiting,
phosphorous is generally the growth-limiting nutrient
(Bonischot 1989; Hejcman et al. 2007a). Phosphorous
enrichment may increase productivity and decrease species
richness through competitive exclusion; a shift from
phosphorous limitation to nitrogen limitation is a disadvan-
tage to species adapted to low phosphorous availability
(Wassen et al. 2005). However, such a decrease of species
richness can lead to a decrease of productivity when
disfavoured species are highly productive ones such as tall

grasses Alopecurus pratensis L., Arrhenatherum elatius
(L.) P. Beauv., and Trisetum flavescens (L.) P. Beauv
(Hejcman et al. (2007a). Coupled with potassium supply,
phosphorous supply favors legume species (Carlen et al.
1998). Thus, phosphorous addition decreases species richness
and affects the productivity of grasslands. The large
phosphorous-pool accumulated in the soil over decades of
fertilization might explain why re-establishment of endan-
gered species on former agricultural fields generally fails
(Bakker and Berendse 1999; Gough and Marrs 1990).

Phosphorous fertility of soil has a tremendous influence
on species richness (Table 1). This nutrient must be
considered just behind nitrogen as the most important
nutrient factor regarding botanical composition.

Lime Diverse results have been obtained from studies about
the effects of liming on grassland vegetation. When lime
combined with farmyard manure is applied for the first time
on species-rich meadows, species richness decreases
(Fig. 2, Kirkham et al. 2008). Other studies have detected
no effect of liming on vegetation (Galka et al. 2005; Tzialla
et al. 2002). Finally, a positive effect of liming on
Shannon’s diversity, evenness (van der Wal et al. 2009),
and species richness (Schellberg et al. 1999; Spiegelberger
et al. 2006) in grasslands has been demonstrated. Moreover,
the positive effect of liming on species richness can still be
detected 70 years after the last treatment (Spiegelberger et
al. 2006). This positive effect can be explained by the
increase of soil pH induced by liming.

In acid soils, plant species richness increases with soil pH
increasing (Nilsson et al. 2002) until neutrality is reached. In
continental Europe, more vascular plants species are suited
for high-pH soils than for acidic soils (Ellenberg et al. 1992).
Moreover, soils with pH values close to neutrality generally
have higher nutrient availability than soils with pH values
between 4 and 5 (Chapin et al. 2002). Liming also alters
vegetation composition. Liming increases the number of
species representing oligotrophic grassland communities
(Schellberg et al. 1999) and stimulates perennial legumes,
especially hybrid and white clover, when combined with
sheep grazing (Marusca et al. 2007).

The influence of lime on botanical composition and
species richness is much debated in the literature than
nitrogen or phosphorus (Table 1). Various results were
obtained, depending on pedoclimatic conditions, and the
pH modifications induced by lime application.

2.2.2 Organic nutrient fertilization

Organic nutrient supplies include fresh or composted
manure, liquid manure, and feces spread during grazing.
The effects of organic nutrient fertilization depend on the

140 E. Gaujour et al.



level of fertilization, the site conditions, and the initial
botanical composition of the sward (Kirkham et al. 2008).
These authors showed that species richness decreased with
farmyard manure level of fertilization (Fig. 2). Stopping
farmyard manure fertilization causes a change in the
abundance of species. For example, the absence of
farmyard manure resulted in decreased cover of Poa
trivialis and Rumex acetosa and an increase in five other
species. The absence of fertilizer gave a similar response,
but A. capillaris declined in mesotrophic grasslands (Smith
et al. 2002). Organic nutrient supply favors the growth of
fodder grasses (Bornard and Brau-Nogué 1994) and umbel-
liferous species, especially in wet grasslands (Pautheney et
al. 1994). Although the primary effects of organic fertilizers
on productivity and species richness in permanent grasslands
are the same as those of mineral fertilizers, different forms of
organic fertilizers sometimes have distinct effects on plant
species composition. Compared with composted manure
addition, liquid manure spreading increases the abundance of
several good fodder plant species such as L. perenne, P.
pratense, and Festuca pratensis Huds. and decreases the
abundance of others like Dactylis glomerata L., Holcus
lanatus L., and A. pratensis (Laissus and Leconte 1982).

The deposition of decomposable feces and urine can
create nitrogen-rich areas (Dai 2000) and stimulate the
mineralization of nitrogen (Hatch et al. 2000). Manure in
dung piles increases the availability of soil nutrients,
especially nitrogen and phosphorus (Aarons et al. 2004)
and favors the conservation of humidity (Dai 2000). This
process might contribute to the development of special
patches of vegetation growing directly on or close to
manure deposits (Shiyomi et al. 1998). Herbivores can
therefore indirectly influence the nitrogen cycle by altering
species composition and plant biomass (Olofsson et al.

2001). In some cases, dung piles cover a significant portion
of permanent grassland areas, produce significant changes
in vegetation and are associated with invasive alien plants
that might eventually colonize more areas (Dai 2000).
Feces are beneficial for the establishment and survival of
seedlings (Gillet et al. 2010). Moreover, germination of
seeds contained in feces is improved by gut passage, which
softens the seed coat (Malo and Suarez 1995).

Organic fertilization modifies botanical composition of
grassland not only because of their nutrient content
(nitrogen and phosphorus), but also in relation to seed
transport and to the consequences on soil properties
(structure, water conservation; Table 1). As a result, specific
species can be found or dominate in grassland receiving
high amount of organic fertilization.

2.3 Mowing

Compared with grazed situations, the vegetation of mown
grasslands is generally more diverse when the number of
mowing is low (one or two cuts per year; Fig. 3, upper and
second photos; Fischer and Wipf 2002; Jacquemyn et al.
2003; Kruess and Tscharntke 2002), for example, mowing
seems to favor forbs (Stammel et al. 2003).

The effects of mowing in permanent grassland vegeta-
tion depend on cutting frequency and/or cutting date
(especially first cutting date) based on the flowering stage
of grasses (Barbaro et al. 2004; Fleury et al. 1994) and
initial floristic composition of grasslands (Smith et al.
1996). Moreover, mowing can bring a large amount of
seeds into permanent grasslands. Hay machinery (Fig. 4)
can transport and disseminate several hundred thousand
seeds across long distances from grassland to grassland
(Strykstra et al. 1996; Strykstra et al. 1997).

Fig. 2 Relationships between the mean amount of farmyard manure
(FYM) or inorganic equivalent fertilizer applied per year averaged
over 1999–2005 and species richness in 2005 at two hay meadow sites
(a Raisbeck and b Gaisgill). Each point represents the mean of three
replicate plots. Error bars are the standard error of the mean in each
case. The gray line or curve shown on each graph was fitted using

linear or polynomial regression analysis of data from FYM-treated
plots (without lime). A parabolic relationship (y=25.7+0.41x−0.03x²)
was fitted for FYM at Raisbeck and negative linear one (y=16.5–
0.14x) at Gaisgill. No significant relationship was shown with
inorganic equivalent treatments (modified from Kirkham et al. 2008)
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The number and dates of yearly cuttings affect the
composition of grassland vegetation. For example, cutting
regime explains 4.7% of total floristic variability (compared
with 6.0% for stocking rate) in calcareous grasslands
(Barbaro et al. 2004). Mowing date constitutes an important
component of floristic composition because cutting too
early can prevent seed production by nonclonal species,
while cutting too late can result in dense vegetative cover
that may inhibit the establishment of new plants (Smith and
Haukos 2002).

These effects have been observed under natural recruit-
ment conditions and in experiments with an artificial seed
contribution for biodiversity restoration (Bissels et al.
2006). In restoration operations, early mowing can create

openings in the vegetation that are favorable to the
establishment of new species (desired or invasive;
Selinger-Looten and Muller 2001). Maximum specific
diversity is observed for mowing dates from mid-June to
mid-July in European zones with oceanic or semi-continental
climates (Critchley et al. 2007). Mowing dates affect
permanent grassland vegetation according to plant flowering
times. For plants with sexual reproduction, cutting before
flowering prevents reproduction. If cutting occurs just before
seed dispersal, a proportion of the seeds are exported with
hay (Smith et al. 2002). In both cases, plant species richness
generally decreases (Smith et al. 2002).

High cutting frequency (three or four times a year)
favors species with leaves located near the soil, such as

Fig. 3 Difference of mown
grassland vegetation facies
according to the number of
cutting by year, in Lorraine
(France): upper picture concerns
grassland with only one cut
per year inducing higher
heterogeneity and species
richness (27 species m−2)
than in the second picture
representing grassland with
three cuts per year (only
10 species m−2)
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Taraxacum officinale Weber, P. trivialis L., and P. pratensis
L, and species that take advantage of increased light near
the soil surface, such as T. repens (Carlen et al. 1998). High
cutting frequency disfavours plant species with tall leaves,
such as T. flavescens and Pimpinella major (L.) Huds.
However, other species are insensitive to cutting frequency,
such as F. pratensis Huds., Ranunculus acris L., and D.
glomerata (Carlen et al. 1998), and the proportion of
specific legumes like Vicia cracca L. and Lathyrus
pratensis L. decreases as the number of cuttings increases
(Cop et al. 2009). For other legumes like T. repens,
increasing the cutting frequency leads to their develop-
ment by increasing accessibility to light (Panos and
Silander 1992) and by reducing competition with neighbors
(Barthram et al. 1999).

Mowing favors some species and disfavours others
according to their capacity to tolerate cutting, such as by
rapidly producing new leaves just after mowing. A few
species, including Anthoxanthum odoratum L., D. glomer-
ata, and H. lanatus, can withstand mowing and removal
of forage (Schippers and Joenje 2002). Mowing enhan-
ces the amount of light in the lower vegetation layers,
making competition for light more symmetrical and
facilitating the coexistence of species with different
competitive abilities (Kull and Zobel 1991). A functional
approach through the study of plant traits (Violle et al.
2007) has demonstrated the presence of rosette species
with slow lateral spread and anemochorous dispersal
under mown conditions (Kohler et al. 2004; Stammel et
al. 2003).

Vegetation in mown grasslands is generally more
diversified than in grazed ones, mainly because of more
favorable conditions for seed dispersion of established
species and recruitment of new species. Late first cutting
dates favor grassland biodiversity, rarely earlier dates, and

very late exploitations may induce a decrease in species
richness (Table 1).

2.4 Soil seed bank

The soil seed bank comprises all “viable seeds present in or
on the soil, including both those that germinate within a
year of initial dispersal and those that remain in the soil for
longer periods” (Nathan and Muller-Landau 2000). The soil
seed bank can be a source of plant species. Most studies of
grasslands dominated by perennial grasses have found low
similarity between the seed bank and the vegetation
(Lopez-Mariño et al. 2000; Milberg 1993; Peco et al.
1998). For example, Lopez-Mariño et al. (2000) have
observed 119 plant species in aboveground grassland
vegetation and 124 species in the soil seed bank, with only
52 species common to both the aboveground vegetation and
the soil seed bank. These discrepancies have been
explained by the minor contribution of the dominant
perennial grassland species to the formation of seed banks.
These species generally have low seed production because
they alternate sexual reproduction with vegetative repro-
duction and their seeds have short-term persistence in the
soil (Bakker 1989; Thompson et al. 2003; Thompson and
Grime 1979). Where important seed banks are present in
perennial grasslands, they often contain large numbers of
seeds of annual ruderal species (Zimmergren 1980),
reducing the similarity between the vegetation and the seed
bank. Seeds of such species can survive for many decades,
even centuries, in the soil (Milberg 1993). Thus, these
species can reappear from the seed bank if grassland is
ploughed or disturbed (Dutoit et al. 2003).

The potential of the seed bank to be a source of
colonization depends on seed persistence in the soil, seed
age, and soil conditions (mainly moisture content; ter

Fig. 4 Mowing of grasslands
induces dissemination of seeds
into the mowing field and also
along roads due to hay machin-
ery and forage carriage
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Heerdt et al. 1999), on the depth of burial (Akinola et al.
1998) and on seed abundance (Blackshaw et al. 2005),
modulated by seed predation (Martinkova et al. 2009b).
These two last points (depth and abundance) might explain
why the soil seed bank seems to play a minor role in the re-
establishment of species in grasslands and in floristic
modifications (Akinola et al. 1998). The minor role of the
seed bank might result in part from soil compaction due to
spring grazing in wet conditions, which prevents seedling
emergence after disturbance. Rather, plant recolonization in
disturbed areas is often dominated by vegetative reproduc-
tion. However, the study of the soil seed bank is of interest
for two reasons. First, the seed bank partly reflects the past
and present aboveground vegetation of the surrounding
landscape (Geertsema et al. 2002). Seeds in the seed bank
come from established aboveground vegetation and from
outside grasslands. Seeds can be dispersed by animals,
wind, and farm machinery across long distances (Geertsema
et al. 2002). Second, soil seed banks contain species that are
not present in aboveground vegetation (e.g., Amiaud and
Touzard 2004; Edwards and Crawley 1999; Smith et al.
2002), and knowledge of seed bank composition is necessary
to estimate total plant diversity in a particular permanent
grassland.

Due to the past management of most grasslands, their
soil seed bank is quite diverse, but their current
management result in a poor correlation with the present
botanical composition. Thus, soil seed bank is a resource
for farmers to increase species richness of sward in
permanent grasslands (Table 1).

3 Assessable factors at the landscape scale

The landscape is defined as a level of ecological system
organization above the ecosystem (Fig. 5). It is character-

ized by heterogeneity and by dynamics that are partly
governed by human activities (Burel and Baudry 1999).
The landscape results from continuous confrontation
between society and its environment (Baudry et al. 2000;
Burel and Baudry 1999). A landscape must be objectively
described to test its potential relationship with established
vegetation within it. Three primary ecological character-
istics of landscape can be described: landscape heteroge-
neity, habitat fragmentation, and habitat connectivity
(Burel and Baudry 1999; Forman and Godron 1981).
Through these characteristics, we can structurally and
functionally describe a target landscape. The structural
aspects of a landscape are determined by landscape
heterogeneity and habitat fragmentation. The functional
aspects of a landscape are determined by habitat connec-
tivity and habitat fragmentation. According to objectives,
characterization of landscape structure or landscape function,
habitat fragmentation is evaluated with distinct landscape
indices (McGarigal and Marks 1995). Landscape configura-
tion affects permanent grassland vegetation primarily by
influencing seed rain. Seed rain is the “flux of seeds from a
reproductive plant, without considering space explicitly”
(Nathan and Muller-Landau 2000).

The description of landscape structure provides informa-
tion about the availability and diversity of seed sources in
the landscape surrounding the target grassland (Rosenzweig
1995). The description of functional aspects of a landscape
provides information about dispersal possibilities through
the landscape surrounding the studied grassland from
suitable sources. Furthermore, the species composition of
the seed rain reaching given grasslands is similar to the
species composition of the established vegetation in the
grassland (Edwards and Crawley 1999). Thus, by affecting
seed rain, landscape configuration also affects permanent
grassland vegetation. Seed dispersal from a source to the
target grassland depends on the plant life cycle, seed size,

Fig. 5 Farmland in Lorraine
(France) with high landscape
heterogeneity in terms of land
uses (forest, rape seed, grass-
lands, bare soil, winter wheat,
barley, urban area, roads,
hedgerows…)
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dispersal date, and functional characteristics of landscape.
For instance, seeds of Bromus sterilis L. are dispersed
further in open landscapes than in mixed woodland and
pastures, in which hedgerows stop wind-dispersed seeds of
this grass (Rew et al. 1996). Below, we describe the effects
of these three primary landscape characteristics—heterogeneity,
fragmentation, and connectivity—on vegetation and the asso-
ciated processes.

3.1 Landscape heterogeneity

3.1.1 Definition and primary effects on plant species
in farmlands

Landscape heterogeneity provides information about the
diversity of landscape elements in a given landscape.
Landscape elements generally correspond to different land
uses within a landscape, which may be more or less precisely
defined. They might include urban area, forest, arable land,
fallow land, and permanent grassland (Dauber et al. 2003).
The most popular index of landscape heterogeneity is based
on the Shannon-Weaver formula (Shannon and Weaver
1949), which is used by ecologists to estimate species
diversity. Calculating this index requires the proportion of
each considered landscape element in the studied landscape
(e.g., Weibull et al. 2000). Heterogeneity can influence plant
composition in permanent grasslands through the creation of
a diversified regional species pool and by providing refuges
for plant species (Benton et al. 2003; Rosenzweig 1995). A
landscape with a high heterogeneity index contains many
different elements and thus many different potentially
suitable habitats (Rosenzweig 1995).

Theoretically, greater landscape heterogeneity permits a
richer regional species pool. This correlation has been
demonstrated in theMorvanNatural Regional Park (Burgundy,
France), where mean plant species richness randomly sampled
at the plot scale is significantly correlated to landscape
heterogeneity (Fédoroff et al. 2005). A similar result has been
demonstrated through a predictive model of plant presence in
agricultural fields based on the mosaic concept (Duelli 1997)
and considering as inputs the number of landscape elements
such as habitat types and the number of patches of each
landscape element (Waldhardt et al. 2004). This potential
increase of species richness in farmlands with increasing
landscape heterogeneity involves an increased number of
seed sources.

According to source-sink models (Wagner and Edwards
2001), landscape elements in the surroundings of a field are
potential sources of plant species via propagule dispersal,
and the target grassland is a sink. Therefore, high landscape
heterogeneity in a given landscape might be expected to
enhance colonization probability (Gabriel et al. 2005). High
habitat richness of a heterogeneous landscape creates

refuges for sensitive plant species if strong selective
pressures are applied in several parts of the landscape
(Roschewitz et al. 2005; Smart et al. 2002). Establishment
in refuges is one way for sensitive species to grow and
complete their life cycles until the dispersal of their
propagules through nearby areas.

3.1.2 Effects and processes of landscape heterogeneity

In the case of grassland vegetation, results differ between
available studies. Considering all herbaceous plant species
of grasslands, Dauber et al. (2003) and Krauss et al. (2004)
have found no correlation between species richness and
landscape heterogeneity, whatever the spatial scale consid-
ered (0.007 and 0.13 km² in Dauber’s study and from 0.2 to
28.3 km² in Krauss’s study). The lack of correlation might
be explained by a greater influence of local habitat quality
than of landscape heterogeneity (Dauber et al. 2003; Krauss
et al. 2004). Dauber et al. (2003) has suggested that absence
of a relationship was due to farming practices that
disturb plant colonization and/or the plant matrix,
which provides a source of rhizomes and diaspores
over a short distance. Krauss et al. (2004) have
suggested that the surrounding landscape of the studied
grasslands is too complex, whatever the scale considered,
to highlight an effect on permanent grassland vegetation.
In other words, the range of variation of landscape
heterogeneity might not be sufficient to demonstrate a
significant relationship between plant species richness
and landscape heterogeneity. In contrast, a positive and
significant relationship between the species richness of
permanent grasslands and landscape heterogeneity has
been found when the latter is characterized using
percentage cover of arable land in a 1 km² territory
(Söderström et al. 2001).

Overall, positive effects of landscape heterogeneity on
plant species richness have been observed (e.g., Fédoroff
et al. 2005; Krauss et al. 2004). Generally, this positive
relationship can be explained by an increasing number of
habitat types with increasing landscape heterogeneity
(Rosenzweig 1995) and thus a larger regional species
pool. Not all plant species are affected by landscape
heterogeneity. Many authors have distinguished several
groups of plant species according to functional properties
(Weibull et al. 2000; Weibull and Östman 2003). Generally, a
distinction (Fig. 6) has been made between habitat specialists
and habitat generalists (Krauss et al. 2004; Söderström et al.
2001). Söderström et al. (2001)) have inferred that species
richness of habitat generalists is higher in forests, which can
act as a source of plant species for permanent grasslands in
the vicinity.

For habitat specialists of permanent grasslands, there is a
significant positive correlation between species richness
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and landscape heterogeneity at a small scale (0.2 km²), but
this relationship disappears when the analysis includes
field area as a covariable (Krauss et al. 2004). We infer
that the increasing number of habitat types with increas-
ing landscape heterogeneity explains this relationship.
Alternatively, species could be classified according to
seed dispersal mode. For example, anemochorous species
are more sensitive to landscape heterogeneity than
barochorous species (Gaujour et al. 2009). Dispersal of
anemochorous seeds might be affected by few particular
landscape elements, such as hedgerows (Rew et al. 1996).
Hedgerows can partly block seed flow through a land-
scape either by forming physical barriers or by decreasing
wind speed. Differences in seed dispersal make it
necessary to specify the spatial scale used to characterize
landscape configuration. The choice of scale must take
into account the functional properties of plant species,
especially seed dispersal modes and theoretical dispersal
distances (Vittoz and Engler 2007).

3.1.3 Landscape elements

Among landscape elements used to calculate landscape
heterogeneity, some seem to be more influential on
grassland vegetation, such as the percentage of ley area
(Weibull and Östman 2003) and the percentage of arable
land (Söderström et al. 2001). Plant species richness is
higher in field margins when farmland contains a large
percentage of ley, because this type of cover is less subject
to farming perturbations than other types of cover, such as
cereals (Weibull and Östman 2003). Thus, farmland with a
high percentage of ley might contain a greater diversity of
plant species than another farmland with same total area
and less ley cover. However, because permanent grasslands
contain diverse plant species of many functional types, it is
crucial to consider the landscape as a mosaic of land uses
seen as distinct habitat types that are more or less suitable

for particular species. It could be useful to make these land
uses precise according to farming management, in partic-
ular, permanent grasslands. Permanent grassland is not
really a single kind of habitat. Different managements
create different types of habitat, particularly for plant
species. Then, a given permanent grassland could be an
efficient source of species for another grassland with
distinct management. The interest of grassland management
heterogeneity at landscape scale for plant diversity in
studied grassland is not documented. This could be due to
the lake of large landscapes with information about farming
practices.

The mosaic of land uses that form landscape can be seen
as distinct habitats that are more or less suitable for plant
species. By creating a diversity of refuges and enhancing
colonization probabilities, the heterogeneity of this mosaic
tends to favor the increase of species richness in permanent
grasslands. However, this effect depends on the spatial
scale used to characterized landscape configuration and
initial state of this landscape.

3.2 Habitat fragmentation

Habitat fragmentation results from partial destruction of the
initial area of a habitat type, leading to several disconnected
habitat patches. For example, heathland habitat once extended
over several million hectares in Europe. Due to changes in
land use, including ploughing, abandonment, and drainage of
heathland, the total area has strongly decreased and nowadays
of many small patches that are more or less connected
(Piessens et al. 2004; Webb 1998). Habitat fragmentation
reduces the area available for certain species and thus leads
to shrinkage and isolation of remnant plant populations
(Joshi et al. 2006; Piessens et al. 2004; Saunders et al. 1991).
Habitat fragmentation is not only habitat loss but also
modification of habitat quality, reducing continuous available
habitat and increasing edge effects (Burel and Baudry 1999).

Fig. 6 Increase of plant species
richness with grassland area
increase (n=31 fragments). The
slope is weaker for specialist
plant species (66 species;
y=13.64+6.32 log10 x) than for
generalist plant species (242
species; y=1.40+15.44 log10 x;
modified from Krauss et al.
2004)

146 E. Gaujour et al.



Habitat fragmentation may disrupt biotic interactions such as
pollination or seed dispersal for individual species or
populations (Lennartsson 2002) and hence can affect species
with previously stable populations (Joshi et al. 2006).
Fragmentation might alter gene flow between populations
in different habitat patches, which could lead to declining
fitness by decreasing the genetic variation of each remnant
population and thus reproductive success (Ingvarsson 2001;
Newman and Tallmon 2001).

Overall, results are inconsistent across taxa and experi-
ments concerning the effects of habitat fragmentation on plant
species (Debinski and Holt 2000; Joshi et al. 2006). In most
of the studies considered in the review of Debinski and Holt
(2000), habitat fragmentation contributed to a negative effect
on plant species richness (e.g., Piessens et al. 2004).
However, some positive effects can be explained by an
increase in early successional species, by invasion from the
surrounding area, by crowding effects, or by the ability of
few species to use both the matrix habitat and the fragment
(Debinski and Holt 2000). The lack of consistency high-
lighted by Debinski and Holt (2000) might be explained by
differences in species responses according to their functional
properties, by the variable and possibly insufficient duration
of experiments, and by the lack of control treatments due to
the spatial scale considered in such studies.

In this section, we detail the effects of habitat fragmen-
tation on plant species. We divide the effects of habitat
fragmentation into two parts, as described in Burel and
Baudry (1999): the fragment area effect and the edge effect.
We highlight the consequences of habitat fragmentation for
plant community composition, not the abiotic consequences
in microclimate (see Saunders et al. 1991; Weathers et al.
2001). Because forest ecosystems and agricultural ecosys-
tems have distinct functions, we do not review studies
about the impact of forest fragmentation on plant species,
even though this process has been studied extensively.

3.2.1 Fragment area

The theory of island biogeography (MacArthur and Wilson
1967) can help us to predict the effects of fragment area on
plant communities by considering each fragment as an
island. According to this theory, the species richness of a
given fragment depends on the extinction rate and the
colonization rate. Fragment area affects these rates: a large
fragment provides resources for more species than a small
one (Rosenzweig 1995), and thus a large fragment induces
a lower extinction rate than a small one. Fragment size is
positively correlated with colonization rate because the
probability that species will find an island increases with
island area (MacArthur and Wilson 1967). Finally, the
theory of island biogeography predicts larger fragments will
have greater species richness. However, use of this theory

at the landscape scale in farmlands needs precautions. In
particular, fragments cannot be considered as true islands
because the surrounding habitat is often not completely
hostile to the studied species (Farina 2007; Gu et al. 2002).

The theory of island biogeography can be effectively
combined with percolation theory (Johnson et al. 1992),
which considers the abilities of organisms to cross different
kinds of adjacent fragments. In spite of this constraint of
considering fragments as islands, the predicted positive
relationship between species richness and fragment area has
not been consistently verified for plants. This relationship
can be positive (e.g., Cousins et al. 2007; Piessens et al.
2004) or not significant (e.g., Cousins 2006; Cousins and
Aggemyr 2008). In the review of Debinski and Holt (2000),
six out of 14 studies showed increasing species richness
with increasing fragment area. As with habitat fragmenta-
tion, the effects of fragment area on vegetation are not
homogeneous.

The positive relationship between fragment area and
species richness is significant for heathland vegetation in
Western Europe (Piessens et al. 2004), dry grasslands in
Denmark (Bruun 2000), calcareous grasslands in Germany
(Krauss et al. 2004), and semi-natural grasslands in Sweden
(Öster et al. 2007). These positive effects of fragment area
on plant species richness are primarily explained by
increasing habitat heterogeneity with increasing fragment
area (Bruun 2000; Krauss et al. 2004; Öster et al. 2007). A
second explanation is the fact that smaller fragments may
contain plant species that are more sensitive to extinction
(Piessens et al. 2004). Experiments in several calcareous
grassland sites in the Swiss Jura Mountains using micro-
fields (from 0.25 to 20.25 m²) have shown less clear results
(Joshi et al. 2006). These experiments verify that, whatever
the study site, the increase of fragment area has a negative
effect on species extinction rate (Fig. 7), as predicted by
theory of island biogeography from MacArthur and Wilson
(1967). However, the effect of fragment area increase on
species colonization rate could also be negative, contra-

Fig. 7 Decrease of extinction rate and colonization rate, respectively,
with increasing of plot size, in fragments (closed circles) and control
mown grasslands (open circles) over 7 years, between 1993 and 1999.
Vertical bars denote ±1SE (from Joshi et al. 2006)
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dicting the first expectation of island biogeography theory.
But, this theory also predicts that, when a large fragment
already contains a large number of species, fewer new
species can be added (MacArthur and Wilson 1967). Joshi
et al. (2006) have invoked this theoretical expectation to
explain their results. Moreover, the theory of island
biogeography has been built from larger fragments (several
hundred square meters) than the study of Joshi et al. (2006).
This difference in fragment area could also partly explain
their results.

The theory of island biogeography also predicts that
habitat specialists will be more negatively affected by
fragment area than habitat generalists. Habitat specialists
generally are found in the core area of fragment. But, the
fragmentation decreases the core area–edge ratio by
increasing edge length and thus suitable habitat for
generalist species. Then, this leads to relatively greater loss
of core area which is the suitable habitat for specialist
species. This prediction is not supported for calcareous
grassland vegetation, where fragment area has been
observed to have equal effects on specialist and generalist
plant species (Krauss et al. 2004).

Fragment area also affects negatively species richness of
the soil seed bank in dry grasslands, particularly for species
with transient seed banks compared with species with long-
term persistent seed banks, which are slightly affected
(Bruun 2000). We infer that even with a low immigration
rate, species with long-term persistent seed banks can
persist in small fragments thanks to the small amount of
seeds in the soil.

3.2.2 Edge effect

Habitat fragmentation also increases the length of edges of
landscape elements (Burel and Baudry 1999). These edges
of landscape elements are called field margins. Two
adjacent field margins form a field boundary (Marshall
and Arnold 1995). From an ecological point of view, field
boundaries are ecotones, areas of vegetation transition that
are usually narrow and clearly defined and that divide two
distinct plant communities established in adjacent agricul-
tural fields (Dutoit et al. 2007). Field boundaries can act as
sources of species for grasslands because species richness is
generally higher in edges than in field centers (Aude et al.
2003; Fédoroff et al. 2005; Smart et al. 2002).

An increase in the amount of edge habitat can make a
fragment more vulnerable to invasion by exotic species and
to more extreme abiotic influences (Saunders et al. 1991;
Weathers et al. 2001). We do not review abiotic edge effects
of habitat fragmentation, such as light intensity, soil
moisture, and nutrients (see Saunders et al. 1991; Weathers
et al. 2001). Field boundaries, which are one kind of edges
in the agricultural landscape, contain more plant species

than field centers especially in intensive production farming
systems (e.g., Aude et al. 2003; Smart et al. 2002). Thus,
habitat fragmentation can enhance biodiversity by increas-
ing field boundary length, as suggested by Debinski and
Holt (2000). Moreover, the edge effect is not spatially
limited to the edge area; it extends to each side of the edge
across a zone of ca. 8 m (Piessens et al. 2006). The last
authors explained this vegetation gradient between edge
and fragment core by eutrophication involving higher soil
nitrogen content near the field edge than in the fragment
core. Fertilization and the decomposition of tree leaves can
create such a soil nitrogen gradient (Piessens et al. 2006).
However, such a difference of nitrogen fertility in favor of
field boundaries is not a general rule in permanent grass-
lands because application of fertilizers often occurs leading
to higher nitrogen fertility in field core than in field
boundaries. Other explanations should be the gradient of
others abiotic factors induced by field boundaries such as
radiation flux, water flux, and wind. The gradients of these
last factors have been well reviewed by Saunders et al.
(1991) and described in a study case by Walker et al.
(2003).

The fate of remnant plant populations within habitat
patches depends on the degree of isolation, the quality of
the matrix habitat, the size of the remnant population
(Soons and Heil 2002), and species characteristics such as
mating system, seed dispersal ability, seed bank persistence,
and plant longevity (Bruun 2000; Joshi et al. 2006). Habitat
fragmentation is not perceived equally by all plant species.
For example, plants with less self-pollination ability show
reduced population viability in locally fragmented grass-
land habitats, with pronounced extinction thresholds at
certain levels of habitat fragmentation (Lennartsson 2002).
Therefore, the third characteristic of landscape configura-
tion, habitat connectivity, is also necessary to understand
species composition in permanent grasslands.

Habitat fragmentation can be broken up into two effects:
the fragment area and the edge effect (Table 1). Even if
large fragment tends in theory to induce greater species
richness, the effects of fragment area on vegetation are not
homogeneous: they depend on functional properties of
plant species. Concerning the edge effect it can enhance
biodiversity by increasing the size of field boundaries
which can act as sources of species.

3.3 Habitat connectivity and corridors

Connectivity is a measure of the ability of organisms to
move among separated patches of suitable habitat (Hilty et
al. 2006). We must distinguish structural connectivity and
functional connectivity of habitats. Structural connectivity
is related to landscape pattern and results from the density
and complexity of corridors and the matrix structure (Uezu
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et al. 2005). Structural connectivity is not an efficient way
to understand species composition in permanent grasslands
because it does not take plant species ecology into account,
in contrast to functional connectivity. Functional connec-
tivity is defined by the extent to which an individual species
can move through a landscape (Uezu et al. 2005). This
definition is based on several hypotheses about suitable
habitats available in target area for a given species or a
given group of species sharing resource requirements. Here,
we consider only functional connectivity as defined by
Uezu et al. (2005).

3.3.1 Functional connectivity

We consider studies dealing with both functional connec-
tivity and habitat isolation, which is the opposite of habitat
connectivity. It is widely agreed that connectivity is an
important factor for species conservation (Debinski and
Holt 2000; Kirchner et al. 2003). Connectivity allows
propagule movement among areas for reproduction and
gene flow between populations (Hamilton et al. 2006) and
avoids isolation of habitats and populations (Fischer and
Lindenmayer 2007). Then, by favoring gene flow between
distant populations and thus the plant reproductive success,
habitat connectivity helps to prevent decreasing plant
fitness (Gabriel and Tscharntke 2007; Newman and
Tallmon 2001; Piessens et al. 2004). Connectivity has a
positive effect on plant species richness in grasslands in
Belgium (Piessens et al. 2005; Piessens et al. 2004). Plant
species richness increases with increasing connectivity
due to increasing colonization rates (Joshi et al. 2006;
Maurer et al. 2003; Piessens et al. 2004) and decreasing
extinction rates (Pacha and Petit 2008; Piessens et al.
2004) because of higher gene flow (Piessens et al. 2004).
Connectivity has a positive effect on the occurrence of a
mixed grassland and forest herbaceous species, Geranium
sylvaticum L., in grasslands in UK (Pacha and Petit
2008). One study (Eriksson et al. 1995) has found no
effect of connectivity on plant species richness in grass-
lands, with local habitat conditions and fertilization levels
being more explanatory. Bruun (2000) has found a
negative effect of connectivity on Potentilla erecta (L.)
Räusch. in dry grasslands in Denmark. This result can be
explained by the preference of P. erecta for the damp
north-facing side of the studied hill, which is an area with
low connectivity.

Thus, habitat connectivity is perceived differently by
plant species according to their functional properties,
particularly their range of suitable habitats (habitat
generalists vs. habitat specialists; Dupré and Ehrlén
2002), mode and mass of propagule dispersal (Soons
and Heil 2002) and life history (Bruun 2000). Species
richness of long-lived species is not affected by connec-

tivity, in contrast to species richness of short-lived
species, which is positively correlated with connectivity
of Danish dry grasslands (Bruun 2000). We infer that even
with low propagule dissemination, long-lived species
retain a few individuals in small, unconnected patches
due to their life history. Connectivity between two plant
populations can be disrupted even at the small scale of
5 m isolation distance by decreasing colonization rate
(Joshi et al. 2006). Species richness of species with short-
term persistent seed banks is more positively affected by
connectivity than species richness of species with long-
term persistent seed banks (Piessens et al. 2005; Piessens
et al. 2004). We hypothesize that species with long-term
persistent seeds can maintain a few individuals in a patch
even if dispersal is very low. Species with long-term
persistent seed banks are less sensitive to extinction,
independent of patch area.

3.3.2 Corridors

Corridors are areas within a target area that allow
movement of a given species from one habitat patch to
another. Corridors for plant species include linear landscape
elements such as road margins (Soons et al. 2005; Tikka et
al. 2001; van Dorp et al. 1997). Such an area may be a
corridor for some species and a barrier for others (Hilty et
al. 2006). Within a territory, corridors must be defined
according to studied species and their functional proper-
ties. The efficiency of corridors is not homogeneous in
the literature, showing either positive (Cousins and
Eriksson 2001; Tikka et al. 2001) or without effects. In
particular, corridor had not any effect in a study case of
perennial grassland species with short-range seed dispersal
in The Netherlands (van Dorp et al. 1997) and in a study
of two forbs (Cirsium dissectum (L.) Hill and Succisa
pratensis Moench) in nutrient-poor semi-natural grass-
lands (Soons et al. 2005).

The literature relates three primary explanations about
the no efficiency of corridors to improve seed dispersal in
farmlands. First, most linear landscape elements are
unsuitable for seedling establishment because of high plant
productivity and vegetative cover (Soons and Heil 2002;
Soons et al. 2005; van Dorp et al. 1997). Second, migration
rates within these linear landscape elements are low (van
Dorp et al. 1997). Moreover, these elements have low
colonization capacity because they produce only a few
seeds whose dispersal ability is low as a result of dense
vegetative cover (Soons and Heil 2002). Third, the shape
(particularly the width) of corridors affects seeds dispersing
from them by decreasing the probability of reaching
another habitat patch (Soons et al. 2005; van Dorp et al.
1997). For example, migration rates in corridors approxi-
mate those in continuous habitats if corridor width exceeds
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20 m (van Dorp et al. 1997). It is crucial to consider
landscape elements (linear elements and others) according
to their suitability for a given species or group of
functionally similar species.

Connectivity is a major factor for species conserva-
tion, usually in favor to increase species richness.
However, habitat connectivity and corridors have differ-
ent effects according to studied plant species and their
functional properties (Table 1): range of suitable habitats,
mass of propagules, mode of propagule dispersal, and life
history.

4 Synthesis and conclusion

As exposed in the Introduction, our aims for this review are
(a) to integrate knowledge of plant ecology in permanent
grasslands and (b) to identify factors that can be adapted by
individual farmers and factors that depend on several
farmers within a territory. We have described in this
literature review the primary factors that influence plant
diversity in permanent grasslands, their effects, and the
processes involved. These factors and processes are
summarized in Table 1, with major references. We proposed
in this last part, firstly, the integration of reviewed
knowledge in this paper based on community assembly
theory (Belyea 2004; Weiher and Keddy 1999) and a
conceptual example on the effects of these factors on
species richness. Secondly, we develop applied consequences
on the abilities of single farmer to manage plant diversity in its
permanent grassland, for example, for dealing with objectives
of agri-environmental schemes.

4.1 Knowledge integration in community assembly theory

Community assembly theory (Belyea 2004; Weiher and
Keddy 1999) provides a useful framework to assess the
response of grassland plant communities to field- and
landscape-scale factors. Under this framework, grassland
plant communities were constrained by abiotic and biotic
filters that act on species biological characteristics to
determine actual community composition. According to
this concept, field- and landscape-scale processes such as
dispersal, competition, and regeneration determine how
many and which species, from a regional species pool,
are “waiting at the entrance and establishment” to a
target community, thus forming the actual species pool.
The target community is a plant community bound to a
certain set of environmental conditions that provide
appropriate ecological niches for the occurring species.
Unfortunately, in many comparative studies, there has
been no filtering of species lists before comparison of
richness on different scales, so that it is often impossible

to find a significant relationship between large- and
small-scale richness (Zobel 1997).

So, we propose a conceptual model (Fig. 8) structuring
all of these factors and processes according to the
community assembly theory based on three ecological
challenges: dispersal, establishment, and persistence
(Rosenzweig 1995). We consider each of these challenges
to act as a filter that prevents available species in the
regional species pool from dispersing into, establish in, or
persisting in the target community. The presence of a
particular species in the actual species pool is determined
by its biological abilities to “successfully complete the
three challenges”. We describe this species filtering based
on processes identified along this review. A given process
can act on one or two filters; for example, competitive
exclusion constrains the establishment and persistence of
plant species (Fig. 8). Similarly, a given process can be
generated by several factors; for example, the presence of
refuge habitats depends on both landscape heterogeneity
and the edge effect. We incorporate the effect of landscape
heterogeneity on the regional species pool. A heteroge-
neous landscape often contains greater habitat diversity
and thus greater species richness than a homogeneous one
(Rosenzweig 1995). This model can explain the difference
in species richness between the regional species pool and
actual species pool in permanent grasslands. Field-scale
and landscape-scale factors affect all three filters, but only
landscape heterogeneity affects the species richness of the
regional species pool. Moreover, processes described for
landscape-scale factors and processes described for field-
scale factors are different, except competition for a
common resource.

Therefore, both groups of factors must be considered to
predict the state of permanent grassland vegetation and to
develop decision rules for farmers or decision makers to
preserve farmland plant diversity. Nevertheless, we have
only found five studies which compare the relative
influence of landscape- and field-scale factors on grassland
vegetation (Dauber et al. 2003; Le Coeur et al. 1997;
Marini et al. 2008; Weibull and Östman 2003; Weibull et al.
2003). The results of these studies are not homogeneous.
For example, Le Coeur et al. (1997) have found a positive
effect of proportions of field boundaries adjacent to
grassland and density of hedgerows in the landscape on
the species composition of vegetation in hedgerows.
Conversely, Marini et al. (2008) and Dauber et al. (2003)
have not found effects of landscape characteristics on
species richness of permanent grassland vegetation. These
differences could be explained by methodological differ-
ences. Indeed, it is difficult to compare these results
because these five studies did not distinguish the same
landscape elements nor use the same landscape indices.
Studies often do not consider all influential factors,
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whatever their scale, possibly leading to mistaken con-
clusions about the relative influence of the two groups of
factors. Two other aspects largely developed in the current
review could explain these differences. Firstly, effect of
exposed factors depends on functional properties (sensu
Violle et al. 2007) of plants. Plant communities studied in
these five works could be different because of distinct
geographical locations. Secondly, the initial state of
grassland vegetation is also primordial to determine the
effect of the change of a given factor as we explained for
the effect of stocking rate above. These five studies had not
the same initial state which can conduct to a bias in the
comparison of their results.

In order to take into account this complexity of factors of
the currently studied permanent grasslands, we proposed a
synthetic scheme for the dynamics of plant species richness
based on four parameters: the proportion of plants with

high dispersal abilities, the level of disturbance from
farming practices, the landscape heterogeneity, and the
level of forage productivity of the studied grassland
(Fig. 9). In order to build this scheme, we hypothesize
that: (a) species richness is higher in grasslands with low
forage productivity than in those with high forage produc-
tivity (Hector et al. 1999), (b) the regional or actual species
pool increases with landscape heterogeneity (Rosenzweig
1995), (c) the initial species richness is higher when the
dispersal abilities of species were long-distance dispersal.
The dynamic of actual species pool, whatever the landscape
heterogeneity, when the disturbances from farming practi-
ces were strong, never reach the regional species pool
(Fig. 9). The dynamics of the actual species pool can lead
to the regional species pool when disturbances from
farming practices are weak but depending on the forage
productivity level. Indeed, when the forage productivity is
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which allows or prevent the dissemination, the establishment or the
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low, the actual species pool could be the same than the
regional species pool whatever the plant dispersal abilities
(Fig. 9). In this case, the actual species pool can reach the
regional species pool with low landscape heterogeneity
only if plant community presents high dispersal abilities. In
the case of high forage productivity, the regional species is
reached only when plant dispersal abilities and landscape
heterogeneity were high (Fig. 9). Thus, the influence of
increasing landscape heterogeneity on species richness is
governed by the level of disturbance induced by farming
practices.

This review and the proposed conceptual models explain
why it is important to consider both groups of factors and to
use both taxonomic and functional approaches. Nevertheless,
the farmer managed directly the farming practices and

indirectly the landscape heterogeneity by the arrangement of
their grasslands in his farm territory.

4.2 Mobilization of factors by a single farmer

In order to manage plant diversity in its permanent
grasslands, a single farmer cannot mobilize all above
presented influent factors (Table 1, Figs. 8 and 9). Without
considering induced management problems at farm scale, a
single farmer can adapt all field-scale factors expected soil
seed bank, in order to achieve a particular objective linked
to the field use (spread the productivity period by
diversifying plant species composition, increase sward
resistance against trampling…). For example, he is free to
increase the fertilizer supply or decrease the stocking rate
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Fig. 9 Relative increase of
species richness in permanent
grasslands based on landscape
heterogeneity and its depen-
dence on farming-induced
disturbance, the dispersal
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productivity of grassland
(modified from Roschewitz
et al. 2005 and Le Roux et al.
2008)
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on a given grassland, with respect of agricultural laws.
However, he cannot totally drive the plant diversity in this
grassland because of landscape-scale factors.

These landscape-scale factors—landscape heterogeneity,
habitat fragmentation, and habitat connectivity (Table 1,
Figs. 8 and 9)—depends on many actors sharing the same
territory: farmers, ecological managers, local authorities,
road managers… The target farmer is able to change this
landscape according to the proportion of the studied
territory which he manages. Thus, the driving of plant
diversity in a given permanent grassland depends on both
the farmer who cultivate a part of grasslands of the studied
farmland and all other actors who participate to the
landscape building. In particular, all these actors influence
the regional species pool through their impact on landscape
heterogeneity (Figs. 8 and 9) and then partly control the
plant species diversity which can reach target permanent
grassland.

This diversity of influent factors on plant diversity of
permanent grasslands and their adaptability by a single
farmer questions the success of agri-environmental
schemes. These schemes are generally adopted by a single
farmer for permanent grasslands, with a given objective.
However, how to achieve such objective about plant
diversity level in permanent grasslands whereas the farmer
who contracts such a scheme cannot manage totally all
influent factors? This consideration must be taken into
account by policy makers who have to consider three
aspects for the development of these schemes. The first
concerns the determination of the efficient spatial scale: a
field, a group of distant fields managed by the same farmer,
a group of adjacent fields potentially cultivated by distinct
farmers and separated by urban area, and area managed by
administrative managers. For reaching a given objective,
schemes should be generally contracted by a group of
actors in the same territory and not only by a single farmer.
In the same way, the second important aspect is the initial
state of the studied permanent grasslands, in terms of
farming uses (productivity levels for example), taxonomic,
and functional characteristics of vegetation. As we show in
this review, effects of the different factors, at field scale and
at landscape scale, often depend on the initial state of
grassland vegetation. The last crucial aspect is the temporal
scale: there is a time lag between factor modifications and
visible effects on vegetation (Bakker and ter Heerdt 2005).
This time lag must also be considered for the elaboration of
the agri-environmental schemes and particularly for the
controls by authorities. Moreover, this time lag depends on
the spatial scale and the initial state of grasslands. For
example, the time lag will not be the same if the success of
the scheme objective needs dispersion of seeds through a
large landscape or tillage practices to plough up seeds
contained in soil seed banks of the studied grasslands. Also,

the time lag depends on functional properties of vegetation
and agri-environmental schemes objectives.

We synthetically illustrate all these constraints on the
increase of plant species richness, based on Fig. 9. In this
scheme, the single farmer can adapt the level of disturbances
from farming practices and partly the landscape heterogeneity.
Then, the dynamics of species richness also depends on the
initial state of the target grassland considered here as the
forage productivity level and the functional properties of
species.

We illustrate this complexity of interactions between
influent factors by using the stocking rate as the farming
disturbance and plant dispersal abilities as influent plant
functional property. The increase in species richness with
increasing landscape heterogeneity is greater for low than
for high stocking rates. High stocking rates prevent the
persistence and/or the establishment of several species. This
is due to constraints induced by the removal of aerial parts,
particularly for annual species with long life cycles that
may not have enough time to produce seeds. Moreover,
high stocking rates can induce large gaps especially during
wet soil conditions. Then, under high stocking rates, the
increase of species richness depends primarily on landscape
heterogeneity and not on the proportion of plant species in
the landscape with long-distance dispersal abilities. In
contrast, low-stocking rates create moderate disturbances
in plant communities, allowing the establishment and
persistence of species that disperse into a field and thus
higher increase of species richness than under high stocking
rates.

5 Conclusion

The understanding and the predicting of plant diversity in
permanent grassland need to take into account a large panel
of factors, through diversified processes. From our knowl-
edge, we are the first to propose a conceptual scheme based
on assembly rules and ecological challenges grouping these
factors and involved processes. Such a conceptual scheme
should be useful to integrate results from a specific study
about a process or the influence of a given factor. It could
also be useful to elaborate agri-environment schemes by
considering all influent factors and thus all involved actors.
We show in this review that a single farmer cannot
completely drive, as he wants, plant diversity in its
permanent grasslands. Moreover, it is very complex to
create support decision tools to farmers or end users
because of the diversity of responses of plant communities
after changes of one or several of these factors. These
responses depend on the initial state of plant communities
and functional properties of plants in the community. A
functional approach based on plant functional properties
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relative to the three ecological challenges can show the
primary filters and processes driving permanent grassland
vegetation. The temporal scale is another important point,
not dealing with in this review, to study plant community
dynamics in permanent grasslands (and also for other plant
communities). As explained above, there is often a time lag
between factors changes and visible effect on vegetation.
This is an additional constraint to develop a support
decision tool and to evaluate agri-environmental scheme
efficiency. We argue to consider long-term study in order to
take into account the dynamics of all driving factors to
understand dynamics of plant communities.
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