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Key issues in Northwestern Mediterranean dry
grassland restoration
Elise Buisson1,2,3 , Tania De Almeida1,4 , Aure Durbecq1,5 , André J. Arruda1,6 ,
Christel Vidaller1 , Jean-François Alignan1, Tiago S. P. Toma1 , Manon C. M. Hess1,4,7 ,
Daniel Pavon1, Francis Isselin-Nondedeu1,8, Renaud Jaunatre9, Cannelle Moinardeau1,
Truman P. Young2, François Mesléard1,4, Thierry Dutoit1, Olivier Blight1, Armin Bischoff1
Dry grasslands of the Northwestern Mediterranean Basin are seminatural species-rich ecosystems, composed of many
annual species and some structuring perennial species. As these grasslands have been used as rangelands for centuries,
human management (grazing; ﬁre regimes) is one of their main ecological and evolutionary drivers, along with the Mediterranean climate. Despite EU conservation policy, damage to such grasslands still occurs and efﬁcient ecological restoration
is needed. This article reviews restoration constraints, effective techniques, and research perspectives for restoring them in
the light of their ecological characteristics. Major restoration constraints speciﬁcally include (1) a poor contribution of the
internal (seed bank) and external (seed rain) species pools, and (2) low establishment of some perennial species. The latter
may be the result of the low seed quantity or quality of perennial species, stochastic or extended droughts, high soil nutrient
content that may lead to competition (e.g. between weed and target species), inappropriate grazing management or ﬁre
regimes leading to shrub encroachment, or the death of target species seedlings in early stages of restoration. Successful restoration techniques include seeding, transplanting, hay transfer, and timely soil transfer, all of which have to be adapted to
regional plant phenology and to local Mediterranean climate. They must be combined with appropriate grazing or ﬁre management. Their success may depend on years with particular rainfall amounts or patterns or on particular target plant species. We discuss research perspectives contributing to a better understanding of seed dispersal, seedling recruitment, and
soil processes and suggest the beneﬁts of using ecosystem engineer species.
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Implications for Practice

•

•
•
•

Constraints for the restoration of dry grasslands of the
Northwestern Mediterranean Basin include poor dispersal, low establishment of perennial species, poor quality of the long-term seed bank, and competition between
weeds and target species.
Successful restoration techniques include soil and hay
transfer, seeding, and transplanting before autumn rains,
applied along with appropriate management (winter–
spring grazing and summer ﬁres).
Restoration success is highly dependent on interannual
climatic variability which creates contingency in restoration outcomes, which are generally better in wetter
years.
More research is needed to improve the restoration of dry
grasslands of the Northwestern Mediterranean Basin, particularly in the areas of seed dispersal, population biology
of key species, soils, ecosystem engineers, ﬁre regimes,
and plant-arthropod relationships.
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Introduction
Mediterranean grasslands are characterized by warm, dry summers and cool, wet winters. Grasslands of the Mediterranean
Basin are seminatural ecosystems and one of many “Mediterranean cultural landscapes” (Grove & Rackham 2001). They are
largely maintained by human land management, such as grazing
and pastoral ﬁres (San Miguel 2008). Their long historical use as
rangelands has played an important role in determining their
recent ecological and evolutionary dynamics, and has resulted
in their relatively high tolerance to grazing (Perevolotsky &
Seligman 1998). Because they are often species-rich and support
wildlife as well as extensive grazing, and therefore sustainable
human livelihoods, seminatural Mediterranean grasslands are
protected under the EU habitat directive (San Miguel 2008).
For ecological restoration purposes, these ecosystems are considered as appropriate references (Gann et al. 2019).
Because conservation and restoration practices in the Mediterranean Basin vary with latitude and longitude (Nunes
et al. 2016), we focus here on Northwestern (European Union)
Mediterranean-type ecosystems. Despite EU conservation policy, ecological restoration is still needed for some of these grasslands. They are still sometimes subjected to degradation and
even well-managed rangelands may support fewer species than
they once did, or could if restored. This article reviews and discusses the restoration constraints and techniques of dry grasslands of the Northwestern Mediterranean Basin (NwMedB
hereafter), in the light of their ecological characteristics. Among
these grasslands, this article emphasizes species-rich dry grasslands, “Pseudo-steppe with grasses and annuals (TheroBrachypodietea),” most of which are in Spain, Italy, Portugal,
and France and cover over 26,000 km2 in these countries
(Table S1, Supporting Information; EUNIS 2020). These Mediterranean dry grasslands are found in plains, hills, and plateaus,
and this article thus excludes watered meadows and alpine
grasslands. We here give a general summary of multiple aspects
of the restoration of these communities, which may also apply to
the restoration of other ecosystems (e.g. similar grasslands or the
same grassland type in Eastern Europe; Fig. S1, Table S1). This
article is not a comprehensive literature survey or meta-analysis,
but instead draws upon experts in various aspects of Mediterranean grassland restoration. Mediterranean grasslands share
many restoration challenges with other ecosystems, but also
show speciﬁc constraints, in particular the strong summer
drought and the unique land-use issues of this region. This article aims to highlight some of these differences, while still being
useful for ecosystems with similar challenges.

Major Constraints for the Restoration of Northwestern
Mediterranean Grassland Plant Communities
Limited Spatial Seed Dispersal

Plant recruitment via seed rain in degraded grasslands is generally described as low, including in NwMedB grasslands
(Gomez & Espadaler 1994; Buisson & Dutoit 2004; Buisson
et al. 2006; although see the section below on Using Animals
to Restore Plant Communities). This may be because small2 of 10

seeded species without specialized dispersal structures are
over-represented in these grasslands (Azcárate et al. 2002).
Small seeds without specialized dispersal appendices are mainly
barochorous (gravity-dispersed) and do not disperse very far.
They penetrate the soil more easily where they escape secondary
dispersal (Peco et al. 2003). They therefore do not easily reach
degraded areas. Longer seeds or dispersal units with speciﬁc
structures are preferentially preyed upon and potentially dispersed by ants (Azcárate et al. 2005).
Although seeds of NwMedB herbaceous species can be dispersed by ants, rabbits, deer, and livestock, dispersal distances
have rarely been evaluated. Assessing the contribution of local
versus distant diaspore sources is difﬁcult, which may explain
why estimating seed dispersal distance has generally been overlooked in seed rain studies in grasslands (Arruda et al. 2018).
Moreover, dispersal by livestock is reduced compared to temperate grasslands because grazing rarely occurs at the time of
seed dispersal (summer, when forage quantity and quality are
low) (Joffre et al. 1988; Buisson et al. 2006).

Life History Traits and Regeneration

Plants of NwMedB grasslands are adapted to summer drought,
unpredictable rainfall events, grazing, and ﬁre (Blondel
et al. 2010). Some species, such as Dactylis glomerata and Brachypodium retusum, undergo vegetative summer dormancy,
resulting in a reduction of growth sometimes combined with
the senescence of aboveground parts (e.g. Volaire & Norton 2006). Many perennial plants can survive and resprout from
a belowground bud bank (rhizomes; roots) after such stresses
and disturbances (De Luis et al. 2004; Grigulis et al. 2005; Nedjimi 2016). Such plants are vulnerable to intense soil disturbance
that destroys the bud bank and underground organs (Fernández
Ales et al. 1993). Additionally, decades of cultivation also can
greatly reduce native seed banks (Römermann et al. 2005; Fig. 1).
Annual plants are common in the Mediterranean Basin
(Blondel et al. 2010), especially in areas with strong summer
droughts (Clary 2008). They survive the unfavorable dry season (summer) as seeds. They can produce a small amount of
large seeds, which may better survive ruminant ingestion
(Peco et al. 2006a). However, they are predominantly represented by species that produce large number of small seeds that
may live longer and have a better chance to be found in the persistent seed bank (Peco et al. 2003; Blondel et al. 2010).
Delayed germination (via hardseededness or other mechanisms) is a characteristic of some Mediterranean annual forbs,
particularly Fabaceae (Azcárate et al. 2002; Peco et al. 2003).
However, many species and seeds germinate with autumn rain
to beneﬁt from bare ground left after summer drought. As an
adaptation to their variable environment, some of these species
form a small persistent seed bank allowing them to germinate in
later years to cope with the unpredictability of rainfall (Ortega
et al. 1997). All together, few seeds join the long-term seed
bank (Ortega et al. 1997; Römermann et al. 2005; Buisson
et al. 2006, 2018; Fig. 1), which therefore stays relatively poor
in species and seeds.
Restoration Ecology
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Figure 1. The main processes or ﬁlters structuring a plant community are represented on the left side of the ﬁgure (in orange), modiﬁed from Lortie et al. (2004).
Each process/ﬁlter is represented by a double horizontal line and the corresponding description is in italics on their left. Community assembly constraints in
Northwestern Mediterranean Basin dry grasslands are written in pale orange on the right of the double horizontal lines. Dark gray arrows depict the movement of
species through the ﬁlters. Light gray arrows represent the feedback loop between the abiotic environment and the biota. To the right of the ﬁgure, in a green
column the successful techniques for the restoration of Northwestern Mediterranean Basin dry grasslands, and in a blue column the research perspectives.

Seedling Recruitment and Establishment

Mediterranean grassland species mainly germinate with autumn
or winter rains. The optimal conditions for germination (temperatures and rainfall timing) strongly vary across plant species
(Espigares & Peco 1993). For example, some species of the genera Lotus, Melilotus, Medicago, and Trifolium acquire increased
germination efﬁciency with cold stratiﬁcation or ﬂuctuating
temperatures (Assche et al. 2003). The timing of the rainy season, and the associated temperatures, and rainfall patterns may
thus change plant species composition from one year to another
(Fig. 1). Such annual climatic variability may produce strong
contingency in restoration outcomes (Stuble et al. 2017).
Typical Mediterranean perennial grassland species often
show a relatively low seedling recruitment (e.g. B. retusum,
Asphodelus sp.), which may be due to (1) low seed production
or quality (Coiffait-Gombault et al. 2012; Vidaller et al. 2019a),
(2) on-site competition with established plants (Buisson
et al. 2015), or (3) drought stress (Bochet et al. 2007; Vidaller
et al. 2019a). Sporadic spring droughts, such as in 2003, may
also lead to high mortality of well-established adult perennial
plants (Buisson et al. 2015). Other perennial species, particularly found in Spain and Italy, show high allocation to sexual
reproduction (Stipa tenacissima, Ampelodesmos mauritanicus),
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ability to form soil seed banks (S. tenacissima), and high resistance to drought stress (Lygeum spartum, S. tenacissima)
(Grigulis et al. 2005; Cortina et al. 2009; Nedjimi 2016). They
are therefore particularly promising for the restoration of
degraded areas where they would naturally occur (Mariotti &
Zotti 2010).
Most NwMedB grasslands grow on soils with low nutrient
content, which, depending on species characteristics, may
reduce competitive interactions allowing higher species richness
(Maestre et al. 2009). If the degradation is due to intensive agriculture, persisting fertilizer residues (Standish et al. 2006) may
favor weeds in competition with target species (Zefferman
et al. 2015) and jeopardize the recovery of species-rich plant
communities (Fig. 1), even if target propagule dispersal is artiﬁcially increased (Jaunatre et al. 2014a).

Inadequate Grazing Management

Grazing is one of the main drivers of plant diversity in Mediterranean grasslands (Peco et al. 1983; Carmona et al. 2015), and
domestic grazing is recognized as a major factor in the maintenance of many Mediterranean open habitats (Noy-Meir
et al. 1989; Perevolotsky & Seligman 1998; Fig. 1). Because
3 of 10
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of a history of livestock grazing, Mediterranean herbaceous
communities are considered highly resilient to stocking rate variability (Sternberg et al. 2000) although overgrazing can lead to
soil degradation and desertiﬁcation (Sales-Baptista et al. 2016).
Grazing abandonment may cause major shifts in plant and invertebrate communities and to shrub encroachment (Saatkamp
et al. 2010).

Techniques to Overcome Constraints for the
Restoration of Northwestern Mediterranean
Grassland Plant Communities
Opportunities and Limits of Soil Transfer

After major soil disturbance (e.g. road construction, quarries,
pipeline laying), Mediterranean grassland recovery may be very
slow (Römermann et al. 2005; Pueyo et al. 2009; CoiffaitGombault et al. 2011; Helm et al. 2019). While ﬁnding commercial seed sources of local Mediterranean species is still a
challenge, soil transfer, as loose soil or as turf, has already produced encouraging results, at least over shorttime periods, as
compared to other ecological restoration techniques (e.g. hay
transfer; Jaunatre et al. 2014a). Soil transfer is deﬁned as the
translocation of soil material and its native biota. It involves
the transfer of the soil substrate and its assemblage of species
from an intact donor site to an area requiring restoration
(Pywell et al. 1995). This may not only overcome dispersal limitation, but also some other biotic and abiotic ﬁlters that constrain the establishment and development of plant
communities (Lortie et al. 2004; Fig. 1). The transfer of a soil
from a donor to a restoration site provides physico-chemical elements, soil organic matter, and a part of the pedofauna, ﬂora, and
microbial biomass (bacterial, algal, and fungal; Wubs
et al. 2016). Soil transfer has proven useful for the recovery of
species-rich Mediterranean grasslands on typical Mediterranean
soils (e.g. Haplic Cambisol), in various situations: (1) restoration
of abandoned intensive orchards (Jaunatre et al. 2014a), (2) after
a pipeline leak (Bulot et al. 2014b; Bulot et al. 2017), or even
(3) long-term restoration of abandoned dry quarries (Chenot
et al. 2017).
Stockpiling of soil may lead to the colonization by weeds
(i.e. undesirable native ruderals or invasives) often promoted
(1) directly, by piles collecting seed rain, and (2) indirectly, by
the release of nitrate due to accelerated decomposition of
organic matter (Bruelheide & Flintrop 2000) during stockpiling.
Translocated soil, even without stockpiling, may also carry a
higher nutrient content due to the disturbance of soil structure
(Bruelheide & Flintrop 2000), and compaction that may occur
during transfer by construction machineries (Trueman
et al. 2007). Direct or timely transfers may minimize the loss
of propagule viability, soil structure, or microbial biomass
(Anderson et al. 2008).
Despite these advantages, soil transfer should be applied with
caution, because soil formation is a long-term process and soils
are not a renewable resource. Mediterranean soils often develop
over thousands of years (Molliex et al. 2013), and destruction
may be effectively irreversible. Soil transfer should be limited
4 of 10

to cases in which the destruction of the soil of the donor site is
preplanned or has already occurred independently of the restoration project (Bulot et al. 2014b). Moreover, all transfers of large
quantities of soil require the use of unsustainable civil engineering methods (i.e. hydrocarbon consumption, pollutant emissions, soil alteration, and compaction).
To limit the environmental impact, soil should be transferred
without the delays associated with stocking (Bulot et al. 2014b;
Bulot et al. 2017; Buisson et al. 2018). Dilution of loose soil
reduces the volume of soil removed or restores larger areas
(Jaunatre et al. 2014a; Dutoit et al. 2019a). Transferring scattered turfs that would allow perennial plants to survive transfers
and act as nuclei for plant recolonization has provided inconsistent results (Dutoit et al. 2019b).
Establishment of Key Species

Low seedling recruitment in Mediterranean grasslands may
result from a low number of available seeds and/or droughtmediated low germination and establishment. To optimize restoration strategies, knowledge of these underlying mechanisms is
required. For example, if recruitment is seed-limited, seed addition is the best strategy, but if the density of viable seeds is sufﬁcient, priority should be given to an improvement of
environmental conditions, or timing of seeding. In the following
sections, we explore the use of population biology and population genetic methods in ecological restoration and explain their
particular importance in Mediterranean systems using Brachypodium retusum as a model species. In NwMedB grasslands,
B. retusum is the dominant species showing numerous interactions with other typical species (Saiz & Alados 2011). Its establishment and performance are important indicators of restoration
success.
Population Genetics and Seed Provenance

Hay transfer using local species-rich source communities may
be a cost-efﬁcient restoration technique. Its success depends
on hay seed density (number of seeds/m2) and competition at
the restoration site (whether sown on bare ground or within settled vegetation) (Coiffait-Gombault et al. 2011; Jaunatre
et al. 2014b; Fig. 1). The effectiveness of hay transfer in different seasons has not been studied, but most likely the transfer or
sowing of seeds just before the ﬁrst autumn rains is adequate to
maximize germination while minimizing seed loss by ants or
wind. Appropriate source communities are not always available
or may not contain enough viable seeds of the desired species
(Kiehl et al. 2010; Coiffait-Gombault et al. 2011). Active restoration by sowing or planting often requires the purchase of plant
commercial material, usually as seed (Vander Mijnsbrugge
et al. 2010). This plant material is often not strictly local since
seed production is usually based on relatively few populations,
raising the question of how local the seed material used in ecological restoration needs to be (McKay et al. 2005).
Vidaller et al. (2018) demonstrated that adaptive population
differentiation in germination and early growth of B. retusum
contributes to different colonization patterns, and that the
Restoration Ecology
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provenance needs to be carefully considered in restoration planning. Summer drought, stone cover, and grazing intensity are
major drivers of adaptation in this species (Vidaller et al. 2018).
Thus, populations originating from sites with higher summer
rainfall or lower grazing pressure may not establish as well on
restoration sites with strong summer drought or high grazing
pressure. However, locally adapted does not necessarily mean
geographically close. Distant populations growing in similar
environments may be more appropriate for sowing at a given
restoration site (Bischoff 2014). Additionally, even local seed
sources may be inappropriate if inbred and genetically impoverished (Broadhurst et al. 2008), or if changing climate has changed (or will change) the local climatic envelope (Durka
et al. 2017).

preserving and restoring steppe ecosystems (Fig. 1). Moreover,
ﬁre may replace grazing as a conservation measure since the
species composition of abandoned grasslands showed a post-ﬁre
community shift toward typical steppe communities (Vidaller
et al. 2019b). Managing strategies, including type, intensity,
and timing of grazing, prescribed burning or watering, need to
be based on reliable information on the speciﬁc inﬂuence of
these factors on plant populations.
On soils with high nutrient content, competition by nontarget
species but also competition with over-abundant target species
(e.g. with Anisantha spp.) may decrease perennial species establishment and growth (Buisson et al. 2015) as well as annual species establishment (Jaunatre et al. 2014a). Topsoil removal
(or other soil impoverishment techniques) decreases soil nutrient content and arable weed seed bank, and may improve target
species establishment (Jaunatre et al. 2014b).

Conditions of Establishment and Their Manipulation to Improve
Restoration Success

In NwMedB grasslands, soil stability, water availability, and
grazing regimes are known to be limiting factors for plant species establishment (Cortina et al. 2009; Pueyo et al. 2009; Vidaller et al. 2019a, 2019b; Fig. 1). An increase in soil water
availability generally favors seedling recruitment (Bochet
et al. 2007; Pueyo et al. 2009), but germination is not necessarily
moisture-limited if seeds are sown in autumn (Vidaller
et al. 2019a). A higher soil moisture may also increase competition by ruderal species outcompeting desirable dry grassland
species (Masson et al. 2015). Traditional grazing in winter and
spring is essential to maintain NwMedB grasslands but can
cause considerable damage by increasing plant mortality and
decreasing plant performance in the early stages of restoration
(Buisson et al. 2015; Vidaller et al. 2019a). Initial watering has
a positive effect on B. retusum performance in grazed but not
in ungrazed plots, suggesting that watering may compensate
for grazing stress. Grazing can reduce seedling survival and performance over at least 2 years (Vidaller et al. 2019a). Bunchgrasses, such as Lygeum spartum, can be successfully
reintroduced to degraded grasslands if environmental conditions
are improved (e.g. decreasing water runoff and increasing water
availability; Pueyo et al. 2009). Lygeum spartum and Stipa tenacissima have the potential to reduce soil erosion and improve
their nearby environment and thus facilitate the establishment
of other species (Cortina et al. 2009; Nedjimi 2016).
The role of ﬁre is less clear than that of grazing but several
studies have shown that typical Mediterranean grassland species
beneﬁt from occasional ﬁre (Naveh 1975; Grigulis et al. 2005;
Vidaller et al. 2019a), especially from summer ﬁre mimicking
natural ﬁres (Vidaller et al. 2019b), suggesting that a trade-off
similar to grazing may be assumed for ﬁre. High ﬁre frequency
may reduce performance and survival but occasional ﬁres may
help to preserve grasslands, in particular if sites are under-grazed
or if grazing has been abandoned (Vidaller et al. 2019b). Fire
strongly increases seed production of B. retusum and Ampelodesmos mauritanica (Grigulis et al. 2005; Vidaller et al. 2019b)
and has a positive effect on community diversity (Incerti
et al. 2013; Vidaller et al. 2019b). This suggests that an adequate
ﬁre regime, in particular summer ﬁre, is a key factor in
April 2021
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Using Animals to Restore Plant Communities

Constraints in the restoration of Mediterranean grasslands may
be overcome by the promotion or reintroduction of animals considered ecological engineers. These organisms directly or indirectly modulate the availability of resources to other species by
causing physical state changes in biotic and abiotic materials
(Jones et al. 1994), and they can contribute to the resilience of
ecosystems after disturbances (Peterson et al. 1998). Although
few studies have experimentally tested the use of ecological
engineers to restore Mediterranean grasslands (e.g. Bulot
et al. 2014a; De Almeida et al. 2020), we suggest several promising lines of research in the following sections.
Seed Dispersal

Seed dispersal is a central plant–animal mutualism inﬂuencing
seedling recruitment, population dynamics, species distributions, plant-community composition, and gene ﬂow (Nathan &
Muller-Landau 2000). Seed dispersal can also reduce competition with the parent plant, and losses to seed predators and pathogens (Howe & Smallwood 1982).
Arthropods are ubiquitous, and one of the most important animal groups involved in seed dispersal and establishment
(Lengyel et al. 2009). Among arthropods, ants are the primary
seed dispersers in terrestrial ecosystems (Wills & Landis 2018)
including Mediterranean grasslands. In these grasslands, species
from the genus Messor are the most abundant granivorous ants
(Cerdá & Retana 1994; Gomez & Espadaler 1994; Azcárate &
Peco 2007). Depending on the plant species, 46–100% of the
newly produced seeds can be removed by these harvester ants
(Westerman et al. 2012). Only a small percentage of these is
dropped on the way and dispersed, but an ant colony can transport up to 50,000 seeds a day and the average number of nests
per hectare can reach 200 (Detrain & Tasse 2000; Arnan
et al. 2010). In the Mediterranean region, foraging tracks of
more than 80 m have been observed for the ant species Messor
barbarus (Detrain et al. 1996), which may increase the potential
of plant recovery from the nearby reference site. Within this context, where M. barbarus cannot naturally colonize, its
5 of 10
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reintroduction using mated queens already tested by Bulot
et al. (2014a) may be a valuable tool to restore its populations
(De Almeida et al. 2020).
Seedling Recruitment

Seed dispersal, especially by ants, beneﬁts plants not only by
reducing competition and predation, or minimizing the effects
of ﬁre through burial, but also by depositing seeds in more productive sites (Ness & Bronstein 2004). Granivorous ants are
ecologically important because of their strong effects on plant
communities, including nutrient cycling and microclimate modiﬁcation. Although they do directly prey upon seeds (Schöning
et al. 2004), they play a key dispersal role when they accidentally drop seeds, during the transport, in microsites with suitable
conditions for germination (Detrain & Tasse 2000) or in refuse
piles, increasing seedling recruitment (Retana et al. 2004; Azcárate & Peco 2007; Bulot et al. 2016).
Bulot et al. (2014a) experimentally reintroduced M. barbarus
to later test their potential as ecosystem engineers. This ant species was chosen based on its key functions (see section above) in
Mediterranean grasslands (Azcárate & Peco 2007). Seven years
after the establishment of the ﬁrst colonies, ants increased soil
nutrients. They accelerated the ecological recovery of Mediterranean dry grassland plants by directly and indirectly facilitating
their reestablishment (De Almeida et al. 2020). This innovative
experiment provides a promising option in using invertebrates to
overcome seedling limitation in Mediterranean grassland
restoration.
Grazing Management

In cases of long-term high and destructive livestock pressure,
grassland restoration may require the temporary exclusion of
grazing. However, while grazing exclusion has initial positive
effects including the recovery of the herbaceous cover and an
increase in species richness, it can also lead to a decrease in plant
species richness and to shrub encroachment (Golodets
et al. 2010; Saatkamp et al. 2010). Grazing abandonment may
lead to a reduction in the number and cover of small, early ﬂowering and annual species and to their replacement by perennials,
in particular graminoids (Noy-Meir et al. 1989; Peco et al. 2006b;
Peco et al. 2012; Mesléard et al. 2017; Saatkamp et al. 2018). It
may further decrease soil multifunctionality (Peco et al. 2017).
Grazing exclusion also affects arthropod communities by
(1) increasing ant and beetle species richness (Blight et al. 2011;
Azcárate & Peco 2012), (2) shifting beetle composition toward
assemblages less typical of NwMedB grasslands (Fadda
et al. 2008; García-Tejero et al. 2013), or (3) decreasing Orthoptera abundance (Fonderﬂick et al. 2014). The decrease in livestock is now considered a major cause of changes in
Mediterranean landscapes (Perevolotsky & Seligman 1998)
and livestock has been reintroduced to preserve or restore open
habitats in protected areas and in many rangelands where it
had disappeared or declined. Traditional grazing is used in
NwMedB grasslands to control colonization by woody species
and to enhance species richness, in particular that of annual or
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subordinate species (Bernués et al. 2005; Mesléard et al. 2017;
Koerner et al. 2018) as well as for the conservation of threatened
species (Bröder et al. 2019).
Grazing can therefore be a major restoration tool and must be
carefully considered in restoration planning, as its outcome may
depend on productivity (de Bello et al. 2007). It should be
adapted to ﬂuctuating environmental conditions linked to the
Mediterranean climate, particularly stochastic rainfall events,
and to climate change which increases the frequency of such
events (Carmona et al. 2012). Drought may reduce the number
of species by limiting germination and survival or, in contrast,
favor the coexistence of species by the reduction of dominant
plant cover (Espigares & Peco 1995; Pérez-Camacho et al. 2012).
To avoid soil degradation, desertiﬁcation or shrub encroachment, grazing intensity should be reduced in dry years and, at
the opposite, increased when a lot of fodder is available.
Conclusion and Research Perspectives
Much research is still needed to maximize NwMedB grassland
restoration success (Fig. 1):
Dispersal

Both wild and domestic vertebrates are seed dispersers in dry
grasslands (Benthien et al. 2016) because they facilitate seed
dispersal in two ways: ingestion of seeds or transport of seeds
attached to their fur. Studies on dispersal by mammals remain
scarce in NwMedB grasslands (Malo & Suárez 1995, 1996),
and dispersal distances are rarely evaluated although most grasslands are grazed. Further research should focus on evaluating the
fate of seeds transported by both vertebrate and invertebrate animals, on its contribution to restoration, and on the spatial implementation of grazing in order to optimize seed dispersal.
Plant Material

Ecological restoration projects in the Mediterranean Basin still
lack wider use of native species of local provenance (Nunes
et al. 2016). Research is needed on the population biology and
propagation of keystone species. Incentives for the use of local
populations in restoration projects (e.g. the French label “végétal
local”; Malaval et al. 2015) should continue to be supported.
Combining studies of neutral markers (not selected by environmental conditions: ampliﬁed fragment length polymorphism,
microsatellites) and adaptive quantitative traits (under selection
by environmental conditions) for NwMedB grassland plants
will help improve our understanding of the relative importance
of drift and adaptive processes to the overall genetic differentiation among populations (Vidaller et al. 2020).
Soil Transfer and the Soil Black Box

Because many annual species germinate with autumn rains, it is
likely that topsoil transfer carried out at the end of summer, right
before the ﬁrst rains, would maximize recovery from the seed
bank. While spring and autumn soil transfers have been
Restoration Ecology

April 2021

Northwestern Mediterranean grassland restoration

implemented and compared in the same area (Buisson
et al. 2018), late summer transfer remains to be tested using an
experimental design that allows a comparison of transfers in different seasons.
Soil inversion (burial of the topsoil under a layer of subsoil)
has been used in temperate grassland restoration to decrease soil
nutrients and reduce the seed bank of undesirable species (Glen
et al. 2017). Various versions of this (compaction, soil inversion,
topsoil removal) should be tested on the same Mediterranean
ecosystem-type using similar protocols.

Establishment

Other less-studied organisms can play a role in seedling recruitment, such as nurse plant species (Cortina et al. 2009; Incerti
et al. 2013) or earthworms. The latter have been used in mesic
grassland restoration (Butt 2008) to improve soil structure and
physico-chemistry and to ingest seeds that are later deposited
in their casts (Forey et al. 2011). These seeds show higher establishment in this nutrient-rich biostructure than those of the surrounding soil seed bank (Lavelle et al. 2006). Although no
similar studies have been carried out in Mediterranean grasslands, we might expect a similar inﬂuence of earthworms on
their plant communities.
Also, further research of safe sites to improve germination
and seedling establishment should be conducted. Their positive
role (e.g. modifying microclimate) in the revegetation process,
in interaction with grazing, has been shown in stressful environments (Buisson et al. 2015).
Occasional spring droughts may lead to high mortality of
perennial species (Buisson et al. 2015) but the effects of such
droughts on reproductive success of annual species and on the
community composition of the following year still has to be
evaluated, taking into account the phenological stage at which
such events occur.
Fire is already used as a grassland management or restoration
tool under various climates (Bond & Keeley 2005; Pyke
et al. 2010). These studies have shown that ﬁre-prone ecosystem
restoration requires appropriate ﬁre regimes for species establishment and survival. Such knowledge is not available for Mediterranean grasslands because the use of ﬁre has been abandoned
for more than a century and is now controversial. Detailed studies on the effect of various ﬁre regimes are needed to best inform
restoration and conservation (Vidaller et al. 2019b).

Grassland Invertebrates

In the Mediterranean Basin, arthropods, such as spiders (García
et al. 2009), beetles (Alignan et al. 2018b), and Orthoptera
(Alignan et al. 2014, 2018a) are used as bioindicators of restoration success because of their high sensitivity to changes in vegetation structure (height and density) or composition.
Continuing to explore plant-arthropod relationships and ecosystem engineers, such as ants and earthworms, will contribute to a
more integrative response for overcoming key constraints in
NwMedB grassland restoration.
April 2021

Restoration Ecology

Acknowledgments
The authors would like to thank two anonymous reviewers and
associate editor P. Török for helpful comments on the manuscript. E.B. and T.P.Y. are supporte
d by France-Berkeley Fund (https://fbf.berkeley.edu/).

LITERATURE CITED
Alignan JF, Debras JF, Dutoit T (2014) Effects of ecological restoration on
Orthoptera assemblages in a Mediterranean steppe rangeland. Journal of
Insect Conservation 18:1073–1085
Alignan JF, Debras JF, Dutoit T (2018a) Orthoptera prove good indicators of
grassland rehabilitation success in the ﬁrst French Natural Asset Reserve.
Journal for Nature Conservation 44:1–11
Alignan JF, Debras JF, Jaunatre R, Dutoit T (2018b) Effects of ecological restoration on beetle assemblages: results from a large-scale experiment in a
Mediterranean steppe rangeland. Biodiversity and Conservation 27:
2155–2172
Anderson JD, Ingram LJ, Stahl PD (2008) Inﬂuence of reclamation management
practices on microbial biomass carbon and soil organic carbon accumulation in semiarid mined lands of Wyoming. Applied Soil Ecology 40:
387–397
Arnan X, Retana J, Rodrigo A, Cerdá X (2010) Foraging behaviour of harvesting
ants determines seed removal and dispersal. Insectes Sociaux 57:421–430
Arruda AJ, Buisson E, Poschlod P, Silveira FAO (2018) How have we studied
seed rain in grasslands and what do we need to improve for better restoration? Restoration Ecology 26:S84–S91
Assche JAV, Debucquoy KLA, Rommens WAF (2003) Seasonal cycles in the
germination capacity of buried seeds of some Leguminosae (Fabaceae).
New Phytologist 158:315–323
Azcárate FM, Peco B (2007) Harvester ants (Messor barbarus) as disturbance
agents in Mediterranean grasslands. Journal of Vegetation Science 18:
103–110
Azcárate FM, Peco B (2012) Abandonment of grazing in a Mediterranean grassland area: consequences for ant assemblages. Insect Conservation and
Diversity 5:279–288
Azcárate FM, Sánchez AM, Arqueros L, Peco B (2002) Abundance and habitat
segregation in Mediterranean grassland species: the importance of seed
weight. Journal of Vegetation Science 13:159–166
Azcárate FM, Arqueros L, Sánchez AM, Peco B (2005) Seed and fruit selection
by harvester ants, Messor barbarus, in Mediterranean grassland and scrubland. Functional Ecology 19:273–283
de Bello F, Lepš J, Sebastià MT (2007) Grazing effects on the species-area relationship: variation along a climatic gradient in NE Spain. Journal of Vegetation Science 18:25–34
Benthien O, Bober J, Castens J, Stolter C (2016) Seed dispersal capacity of sheep
and goats in a near-coastal dry grassland habitat. Basic and Applied Ecology 17:508–515
Bernués A, Riedel JL, Asensio MA, Blanco M, Sanz A, Revilla R, Casasús I
(2005) An integrated approach to studying the role of grazing livestock systems in the conservation of rangelands in a protected natural park (Sierra de
Guara, Spain). Livestock Production Science 96:75–85
Bischoff A (2014) The limits of local adaptation in plants and consequences for
ecological restoration. Pages 37–56. In: Kiehl K, Kirmer A, Shaw N,
Tischew S (eds) Guidelines for native seed production and grassland restoration. Newcastle upon Tyne, Cambridge Scholars Publishing
Blight O, Fadda S, Orgeas J, Ponel P, Buisson E, Dutoit T (2011) Using stone
cover patches and grazing exclusion to restore ground-active beetle communities in a degraded pseudo-steppe. Journal of Insect Conservation 15:
561–572
Blondel J, Aronson J, Bodiou J-Y, Boeuf G (2010) The Mediterranean region:
biological diversity in space and time. 2nd edition. OUP, Oxford, United
Kingdom

7 of 10

Northwestern Mediterranean grassland restoration

Bochet E, García-Fayos P, Alborch B, Tormo J (2007) Soil water availability
effects on seed germination account for species segregation in semiarid
roadslopes. Plant and Soil 295:179–191
Bond WJ, Keeley JE (2005) Fire as a global ‘herbivore’: the ecology and evolution of ﬂammable ecosystems. Trends in Ecology & Evolution 20:
387–394
Broadhurst LM, Lowe A, Coates DJ, Cunningham SA, McDonald M, Vesk PA,
Yates C (2008) Seed supply for broadscale restoration: maximizing evolutionary potential. Evolutionary Applications 1:587–597
Bröder L, Tatin L, Danielczak A, Seibel T, Hochkirch A (2019) Intensive grazing
as a threat in protected areas: the need for adaptive management to protect
the critically endangered Crau plain grasshopper Prionotropis rhodanica.
Oryx 53:239–246
Bruelheide H, Flintrop T (2000) Evaluating the transplantation of a meadow in
the Harz Mountains, Germany. Biological Conservation 92:109–120
Buisson E, Dutoit T (2004) Colonisation by native species of abandoned farmland adjacent to a remnant patch of Mediterranean steppe. Plant Ecology
174:371–384
Buisson E, Dutoit T, Torre F, Römermann C, Poschlod P (2006) The implications
of seed rain and seed bank patterns for plant succession at the edges of
abandoned ﬁelds in Mediterranean landscapes. Agriculture, Ecosystems &
Environment 115:6–14
Buisson E, Corcket E, Dutoit T (2015) Limiting processes for perennial plant
reintroduction to restore dry grasslands. Restoration Ecology 23:947–954
Buisson E, Jaunatre R, Römermann C, Bulot A, Dutoit T (2018) Species transfer
via topsoil translocation: lessons from two large Mediterranean restoration
projects. Restoration Ecology 26:S179–S188
Bulot A, Dutoit T, Renucci M, Provost E (2014a) A new transplantation protocol
for harvester ant queens Messor barbarus (hymenoptera: Formicidae) to
improve the restoration of species-rich plant communities. Myrmecological
News 20:43–52
Bulot A, Provost E, Dutoit T (2014b) Comparison of different soil transfer
strategies for restoring a Mediterranean steppe after a pipeline leak
(La Crau plain, South-Eastern France). Ecological Engineering 71:
690–702
Bulot A, Provost E, Dutoit T (2016) Refuse pile turnover by harvester ants
(Hymenoptera: Formicidae) increases seed density and seedling species
richness in dry grasslands. Myrmecological News 23:91–100
Bulot A, Potard K, Bureau F, Bérard A, Dutoit T (2017) Ecological restoration by
soil transfer: impacts on restored soil proﬁles and topsoil functions. Restoration Ecology 25:354–366
Butt KR (2008) Earthworms in soil restoration: lessons learned from United
Kingdom case studies of land reclamation. Restoration Ecology 16:
637–641
Carmona CP, Azcárate FM, de Bello F, Ollero HS, Lepš J, Peco B (2012) Taxonomical and functional diversity turnover in Mediterranean grasslands:
interactions between grazing, habitat type and rainfall. Journal of Applied
Ecology 49:1084–1093
Carmona CP, Mason NWH, Azcárate FM, Peco B (2015) Inter-annual ﬂuctuations in rainfall shift the functional structure of Mediterranean grasslands
across gradients of productivity and disturbance. Journal of Vegetation Science 26:538–551
Cerdá X, Retana J (1994) Food exploitation patterns of two sympatric seed-harvesting
ants Messor bouvieri (Bond.) and Messor capitatus (Latr.) (Hym., Formicidae)
from Spain. Journal of Applied Entomology 117:268–277
Chenot J, Jaunatre R, Buisson E, Dutoit T (2017) Long-term effects of topsoil
transfer assessed thirty years after rehabilitation of dry alluvial quarries in
southeastern France. Ecological Engineering 99:1–12
Clary J (2008) Rainfall seasonality determines annual/perennial grass balance in
vegetation of Mediterranean Iberian. Plant Ecology 195:13–20
Coiffait-Gombault C, Buisson E, Dutoit T (2011) Hay transfer promotes establishment of Mediterranean steppe vegetation on soil disturbed by pipeline
construction. Restoration Ecology 19:214–222
Coiffait-Gombault C, Buisson E, Dutoit T (2012) Using a two-phase sowing
approach in restoration: sowing foundation species to restore, and

8 of 10

subordinate species to evaluate restoration success. Applied Vegetation
Science 15:277–289
Cortina J, Maestre FT, Ramirez DA (2009) Innovations in semiarid land restoration. The case of Stipa tenacissima L. steppes. Pages 121–144. In:
Bautista S, Aronson J, Vallejo RV (eds) Restoration to combat desertiﬁcation: innovative approaches. Quality Control and Project Evaluation,
CEAM, Valencia, Spain
De Almeida T, Blight O, Mesléard F, Bulot A, Provost E, Dutoit T (2020) Harvester ants as ecological engineers for Mediterranean grassland restoration:
impacts on soil and vegetation. Biological Conservation 245:108547
De Luis M, Raventós J, Cortina J, González-Hidalgo JC, Sánchez JR (2004) Fire
and torrential rainfall: effects on the perennial grass Brachypodium retusum. Plant Ecology 173:225–232
Detrain C, Tasse O (2000) Seed drops and caches by the harvester ant Messor
barbarus: do they contribute to seed dispersal in Mediterranean grasslands?
Naturwissenschaften 87:373–376
Detrain C, Versaen M, Pasteels JM (1996) Récolte de graines et dynamique du
réseau de pistes chez la fourmi moissonneuse Messor barbarus. Insectes
Sociaux 10:157–160
Durka W, Michalski SG, Berendzen KW, Bossdorf O, Bucharova A,
Hermann JM, Hölzel N, Kollmann J (2017) Genetic differentiation within
multiple common grassland plants supports seed transfer zones for ecological restoration. Journal of Applied Ecology 54:116–126
Dutoit T, Chenot J, Jaunatre R, Buisson E, Bourguet P (2019a) Restauration
expérimentale d’une pelouse méditerranéenne par création de technosols.
Beirut, Lebanon: CNRS-Liban/Agence Universitaire de la Francophonie,
Pages 43–46. In: Khater C, Yessef M, Dutoit T (eds) Réhabilitation des
carrières en région méditerranéenne: déﬁs ou besoins incontournables?
CNRS-Liban/Agence Universitaire de la Francophonie, Beirut, Lebanon
Dutoit T, Jaunatre R, Buisson E, Bourguet P (2019b) Essai de restauration expérimentale d’une pelouse méditerranéenne par transfert de plaques de sol ou
greffe d’écosystème. Pages 39–42. In: Khater C, Yessef M, Dutoit T
(eds) Réhabilitation des carrières en région méditerranéenne: déﬁs ou
besoins incontournables? CNRS-Liban/Agence Universitaire de la Francophonie, Beirut, Lebanon
Espigares T, Peco B (1993) Mediterranean pasture dynamics: the role of germination. Journal of Vegetation Science 4:189–194
Espigares T, Peco B (1995) Mediterranean annual pasture dynamics: impact of
autumn drought. Journal of Ecology 83:135–142
EUNIS – European Nature Information System (2020) Information about the
EUNIS habitat classiﬁcation and the EU Habitats Directive Annex I habitat
types. https://eunis.eea.europa.eu/ (accessed 3 March 2020)
Fadda S, Henry F, Orgeas J, Ponel P, Buisson E, Dutoit T (2008) Consequences
of the cessation of 3000 years of grazing on dry Mediterranean grassland
ground-active beetle assemblages. Comptes Rendus Biologies 331:
532–546
Fernández Ales R, Laffarga JM, Ortega F (1993) Strategies in Mediterranean
grassland annuals in relation to stress and disturbance. Journal of Vegetation Science 4:313–322
Fonderﬂick J, Besnard A, Beuret A, Dalmais M, Schatz B (2014) The impact of
grazing management on Orthoptera abundance varies over the season in
Mediterranean steppe-like grassland. Acta Oecologica 60:7–16
Forey E, Barot S, Decaëns T, Langlois E, Laossi K-R, Margerie P, Scheu S,
Eisenhauer N (2011) Importance of earthworm–seed interactions for the
composition and structure of plant communities: a review. Acta Oecologica
37:594–603
Gann GD, McDonald T, Walder B, Aronson J, Nelson CR, Jonson J, et al. (2019)
International principles and standards for the practice of ecological restoration. Restoration Ecology 27:S1–S46
García RR, Jáuregui BM, García U, Osoro K, Celaya R (2009) Effects of livestock breed and grazing pressure on ground-dwelling arthropods in Cantabrian heathlands. Ecological Entomology 34:466–475
 Tárrega R, Salgado JM (2013) Land use changes
García-Tejero S, Taboada A,
and ground dwelling beetle conservation in extensive grazing dehesa systems of north-West Spain. Biological Conservation 161:58–66

Restoration Ecology

April 2021

Northwestern Mediterranean grassland restoration

Glen E, Price EAC, Caporn SJM, Carroll JA, Jones LM, Scott R (2017) Evaluation of topsoil inversion in U.K. habitat creation and restoration schemes.
Restoration Ecology 25:72–81
Golodets C, Kigel J, Sternberg M (2010) Recovery of plant species composition
and ecosystem function after cessation of grazing in a Mediterranean grassland. Plant and Soil 329:365–378
Gomez C, Espadaler X (1994) Curva de dispersión de semillas por hormigas en
Euphorbia characias L. y Euphorbia nicaeensis AIL (Euphorbiaceae).
Ecologia Mediterranea 20:51–60
Grigulis K, Lavorel S, Davies ID, Dossantos A, Lloret F, Vilà M (2005) Landscape-scale positive feedbacks between ﬁre and expansion of the large tussock grass, Ampelodesmos mauritanica in Catalan shrublands. Global
Change Biology 11:1042–1053
Grove AT, Rackham O (2001) The nature of Mediterranean Europe: an ecological history. Yale University Press, New Haven and London
Helm J, Dutoit T, Saatkamp A, Bucher SF, Leiterer M, Römermann C (2019)
Recovery of Mediterranean steppe vegetation after cultivation: legacy
effects on plant composition, soil properties and functional traits. Applied
Vegetation Science 22:71–84
Howe HF, Smallwood J (1982) Ecology of seed dispersal. Annual Review of
Ecology and Systematics 13:201–228
Incerti G, Giordano D, Stinca A, Senatore M, Termolino P, Mazzoleni S,
Bonanomi G (2013) Fire occurrence and tussock size modulate facilitation
by Ampelodesmos mauritanicus. Acta Oecologica 49:116–124
Jaunatre R, Buisson E, Dutoit T (2014a) Can ecological engineering restore Mediterranean rangeland after intensive cultivation? A large-scale experiment
in southern France. Ecological Engineering 64:202–212
Jaunatre R, Buisson E, Dutoit T (2014b) Topsoil removal improves various restoration treatments of a dry Mediterranean grasslands (the La Crau area,
Provence, France). Applied Vegetation Science 17:236–245
Joffre R, Vacher J, de los Llanos C, Long G (1988) The dehesa: an agrosilvopastoral system of the Mediterranean region with special reference to the Sierra
Morena area of Spain. Agroforestry Systems 6:71–96
Jones CG, Lawton JH, Shachak M (1994) Organisms as ecosystem engineers.
Oikos 69:373–386
Kiehl K, Kirmer A, Donath TW, Rasran L, Hölzel N (2010) Species introduction
in restoration projects – evaluation of different techniques for the establishment of semi-natural grasslands in central and northwestern Europe. Basic
and Applied Ecology 11:285–299
Koerner SE, Smith MD, Burkepile DE, Hanan NP, Avolio ML, Collins SL, et al.
(2018) Change in dominance determines herbivore effects on plant biodiversity. Nature Ecology & Evolution 2:1925–1932
Lavelle P, Decaëns T, Aubert M, Barot S, Blouin M, Bureau F, Margerie P,
Mora P, Rossi J-P (2006) Soil invertebrates and ecosystem services.
European Journal of Soil Biology 42:S3–S15
Lengyel S, Gove AD, Latimer AM, Majer JD, Dunn RR (2009) Ants sow the
seeds of global diversiﬁcation in ﬂowering plants. PLoS One 4:e5480
Lortie CJ, Brooker RW, Choler P, Kikvidze Z, Michalet R, Pugnaire FI,
Callaway RM (2004) Rethinking plant community theory. Oikos 107:
433–438
Maestre FT, Callaway RM, Valladares F, Lortie CJ (2009) Reﬁning the stressgradient hypothesis for competition and facilitation in plant communities.
Journal of Ecology 97:199–205
Malaval S, Bischoff A, Hédont M, Provendier D, Boutaud M, Dao J, Bardin P,
Dixon L, Millet J (2015) Végétal local: une marque française pour la conservation de la ﬂore indigène. In: Eurogard VII. European Botanic Gardens
Congress, Paris, France
Malo JE, Suárez F (1995) Herbivorous mammals as seed dispersers in a Mediterranean dehesa. Oecologia 104:246–255
Malo JE, Suárez F (1996) New insights into pasture diversity: the consequences
of seed dispersal in herbivore dung. Biodiversity Letters 3:54–57
Mariotti MG, Zotti M (2010) A look to the implications of the global change for
the habitat restoration. BMIB-Bollettino dei Musei e degli Istituti Biologici
72:76–83

April 2021

Restoration Ecology

Masson S, Gauvain M, Mesléard F, Dutoit T (2015) Impacts of water stress
removal and disturbance regimes on Mediterranean dry grasslands diversity and succession. Plant Ecology 216:1351–1369
McKay JK, Christian CE, Harrison S, Rice KJ (2005) “How local is local?” – a
review of practical and conceptual issues in genetics of restoration. Restoration Ecology 13:432–440
Mesléard F, Yavercovski N, Lefebvre G, Willm L, Bonis A (2017) High stocking
density controls Phillyrea angustifolia in Mediterranean grasslands. Environmental Management 59:455–463
Molliex S, Siame LL, Bourlès DL, Bellier O, Braucher R, Clauzon G (2013) Quaternary evolution of a large alluvial fan in a periglacial setting (Crau Plain,
SE France) constrained by terrestrial cosmogenic nuclide (10Be). Geomorphology 195:45–52
Nathan R, Muller-Landau HC (2000) Spatial patterns of seed dispersal, their
determinants and consequences for recruitment. Trends in Ecology & Evolution 15:278–285
Naveh Z (1975) The evolutionary signiﬁcance of ﬁre in the Mediterranean region.
Plant Ecology 29:199–208
Nedjimi B (2016) Lygeum spartum L.: a review of a candidate for West Mediterranean arid rangeland rehabilitation. Rangeland Journal 38:493–499
Ness JH, Bronstein JL (2004) The effects of invasive ants on prospective ant
mutualists. Biological Invasions 6:445–461
Noy-Meir I, Gutman M, Kaplan Y (1989) Responses of Mediterranean grassland
plants to grazing and protection. Journal of Ecology 77:290–310
Nunes A, Oliveira G, Mexia T, Valdecantos A, Zucca C, Costantini EAC, et al.
(2016) Ecological restoration across the Mediterranean Basin as viewed
by practitioners. Science of the Total Environment 566–567:722–732
Ortega M, Levassor C, Peco B (1997) Seasonal dynamics of Mediterranean pasture seed banks along environmental gradients. Journal of Biogeography
24:177–195
Peco B, Levassor C, Casado MA, Galiano EF, Pineda FD (1983) Inﬂuence
météorologique et géomorphologique sur la succession de pâturages de
thérophytes méditerranéennes. Ecologia Mediterranea 9:63–76
Peco B, Traba J, Levassor C, Sánchez AM, Azcárate FM (2003) Seed size, shape
and persistence in dry Mediterranean grass and scrublands. Seed Science
Research 13:87–95
Peco B, Lopez-Merino L, Alvir M (2006a) Survival and germination of Mediterranean grassland species after simulated sheep ingestion: ecological correlates with seed traits. Acta Oecologica 30:269–275
Peco B, Sánchez AM, Azcárate FM (2006b) Abandonment in grazing systems:
consequences for vegetation and soil. Agriculture, Ecosystems & Environment 113:284–294
Peco B, Carmona CP, de Pablos I, Azcárate FM (2012) Effects of grazing abandonment on functional and taxonomic diversity of Mediterranean grasslands. Agriculture, Ecosystems & Environment 152:27–32
Peco B, Navarro E, Carmona CP, Medina NG, Marques MJ (2017) Effects of
grazing abandonment on soil multifunctionality: the role of plant functional
traits. Agriculture, Ecosystems & Environment 249:215–222
Perevolotsky A, Seligman NG (1998) Role of grazing in Mediterranean rangeland ecosystems. Bioscience 48:1007–1017
Pérez-Camacho L, Rebollo S, Hernández-Santana V, García-Salgado G, PavónGarcía J, Gómez-Sal A (2012) Plant functional trait responses to interannual rainfall variability, summer drought and seasonal grazing in Mediterranean herbaceous communities. Functional Ecology 26:740–749
Peterson G, Allen CR, Holling CS (1998) Ecological resilience, biodiversity, and
scale. Ecosystems 1:6–18

Pueyo Y, Alados CL, García-Avila
B, Kéﬁ S, Maestro M, Rietkerk M (2009)
Comparing direct abiotic amelioration and facilitation as tools for restoration of semiarid grasslands. Restoration Ecology 17:908–916
Pyke DA, Brooks ML, D’Antonio C (2010) Fire as a restoration tool: a decision
framework for predicting the control or enhancement of plants using ﬁre.
Restoration Ecology 18:274–284
Pywell RF, Webb NR, Putwain PD (1995) A comparison of techniques for restoring
heathland on abandoned farmland. Journal of Applied Ecology 32:400–411

9 of 10

Northwestern Mediterranean grassland restoration

Retana J, Picó FX, Rodrigo A (2004) Dual role of harvesting ants as seed predators and dispersers of a non-myrmechorous Mediterranean perennial herb.
Oikos 105:377–385
Römermann C, Dutoit T, Poschlod P, Buisson E (2005) Inﬂuence of former cultivation on the unique Mediterranean steppe of France and consequences
for conservation management. Biological Conservation 121:21–33
Saatkamp A, Römermann C, Dutoit T (2010) Plant functional traits show nonlinear response to grazing. Folia Geobotanica 45:239–252
Saatkamp A, Henry F, Dutoit T (2018) Vegetation and soil seed bank in a 23-year
grazing exclusion chronosequence in a Mediterranean dry grassland. Plant
Biosystems 152:1020–1030
Saiz H, Alados CL (2011) Structure and spatial self-organization of semi-arid
communities through plant–plant co-occurrence networks. Ecological
Complexity 8:184–191
Sales-Baptista E, d’Abreu MC, Ferraz-de-Oliveira MI (2016) Overgrazing in the
Montado? The need for monitoring grazing pressure at paddock scale.
Agroforestry Systems 90:57–68
San Miguel A (2008) Management of Natura 2000 habitats. 6220 pseudo-steppe
with grasses and annuals (Thero-Brachypodietea). European Commission,
Brussels, Belgium
Schöning C, Espadaler X, Hensen I, Roces F (2004) Seed predation of the
tussock-grass Stipa tenacissima L. by ants (Messor spp.) in South-Eastern
Spain: the adaptive value of trypanocarpy. Journal of Arid Environments
56:43–61
Standish RJ, Cramer VA, Hobbs RJ, Kobryn HT (2006) Legacy of land-use evident in soils of Western Australia’s wheatbelt. Plant and Soil 280:189–207
Sternberg M, Gutman M, Perevolotsky A, Ungar ED, Kigel J (2000) Vegetation
response to grazing management in a Mediterranean herbaceous community: a functional group approach. Journal of Applied Ecology 37:224–237
Stuble KL, Zefferman EP, Wolf KM, Vaughn KJ, Young TP (2017) Outside the
envelope: rare events disrupt the relationship between climate factors and
species interactions. Ecology 98:1623–1630
Trueman I, Mitchell D, Besenyei L (2007) The effects of turf translocation and
other environmental variables on the vegetation of a large species-rich
mesotrophic grassland. Ecological Engineering 31:79–91
Vander Mijnsbrugge K, Bischoff A, Smith B (2010) A question of origin: where
and how to collect seed for ecological restoration. Basic and Applied Ecology 11:300–311

Vidaller C, Dutoit T, Ibrahim Y, Hanslin HM, Bischoff A (2018) Adaptive differentiation among populations of the Mediterranean dry grassland species
Brachypodium retusum: the role of soil conditions, grazing, and humidity.
American Journal of Botany 105:1123–1132
Vidaller C, Dutoit T, Ramone H, Bischoff A (2019a) Factors limiting early establishment of the Mediterranean grassland species Brachypodium retusum at
disturbed sites. Basic and Applied Ecology 37:10–19
Vidaller C, Dutoit T, Ramone H, Bischoff A (2019b) Fire increases the reproduction of the dominant grass Brachypodium retusum and Mediterranean
steppe diversity in a combined burning and grazing experiment. Applied
Vegetation Science 22:127–137
Vidaller C, Baumel A, Juin A, Dutoit T, Bischoff A (2020) Comparison of neutral
and adaptive differentiation in the Mediterranean grass Brachypodium retusum. Botanical Journal of the Linnean Society 192:536–549
Volaire F, Norton M (2006) Summer dormancy in perennial temperate grasses.
Annals of Botany 98:927–933
Westerman PR, Atanackovic V, Royo-Esnal A, Torra J (2012) Differential weed
seed removal in dryland cereals. Arthropod-Plant Interactions 6:591–599
Wills BD, Landis DA (2018) The role of ants in north temperate grasslands: a
review. Oecologia 186:323–338
Wubs ERJ, van der Putten WH, Bosch M, Bezemer TM (2016) Soil inoculation
steers restoration of terrestrial ecosystems. Nature Plants 2:1–5
Zefferman E, Stevens JT, Charles GK, Dunbar-Irwin M, Emam T, Fick S,
Morales LV, Wolf KM, Young DJN, Young TP (2015) Plant communities
in harsh sites are less invaded: a summary of observations and proposed
explanations. AoB Plants 7:plv056

Guest Coordinating Editor: Peter Török

Received: 18 March, 2020; First decision: 24 May, 2020; Revised: 25 June,
2020; Accepted: 1 August, 2020

10 of 10

Supporting Information
The following information may be found in the online version of this article:
Figure S1. Natura 2000 sites containing habitat #6220 are represented as green dots on
a map of all Natura 2000 areas.
Table S1. Type of grasslands covered by the paper and for which the paper may be
relevant.
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