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INTRODUCTION

Recent decades have been dominated by unprecedented 
rates of habitat perturbations by human activities. Important 
changes in land use have led to the destruction and frag-
mentation of (semi)natural habitats, threatening biodiversity 
worldwide (Saunders et al. 1991, Balmford et al. 2005). As 
the conservation of remnant habitats is not sufficient to guar-
antee the long-term survival of many plant species (Rodri-
gues et al. 2004), active habitat restoration has become a ne-
cessity to preserve biodiversity worldwide.  However, habitat 
restoration can be cost prohibitive, and efforts to reach res-
toration goals must demonstrate their success (Fagan et al. 
2008). 

Calcareous grasslands are local biodiversity hotspots in 
temperate regions (Prendergast et al. 1993, WallisDeVries et 
al. 2002, Jacquemyn et al. 2003). These habitats have suf-

fered intensive fragmentation due to the abandonment of 
traditional agropastoral systems and the resulting encroach-
ment, reforestation, urbanization or transformation into ara-
ble lands (Poschlod & WallisDeVries 2002, Piqueray et al. 
2011a). In order to preserve and enhance the ecological value 
of those habitats, ecological restoration projects have taken 
place all over Europe.

Criteria used in judging whether a restoration is suc-
cessful are numerous (Hobbs & Norton 1996, Ruiz-Jaen & 
Aide 2005, Zedler 2007, Cristofoli & Mahy 2010, Piqueray 
et al. 2015). Most studies evaluating calcareous grasslands’ 
restoration success focused on the recovery of plant species 
diversity and composition (e.g. Lindborg & Eriksson 2004, 
Kiehl & Pfadenhauer 2007, Fagan et al. 2008, Maccherini 
et al. 2009, Piqueray et al. 2011b, Maccherini & Santi 2012, 
Redhead et al. 2014). Few studies have evaluated calcare-
ous grasslands’ restoration success by a population approach 
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(but see Endels et al. 2005). The discipline of population bi-
ology provides one perspective on what might be considered 
a successful restoration, namely that “populations must be 
restored to a level that allows them to persist over the long 
term” (Montalvo et al. 1997). Restored populations must 
therefore possess attributes necessary for dispersal, growth, 
reproduction and adaptive evolutionary changes (Montalvo 
et al. 1997). 

For a successful habitat restoration, species must first 
colonize newly created patches and establish new popula-
tions. The probability for a species to colonize a new habi-
tat notably depends on its presence in the local species pool, 
the presence of dispersal agents, the ability of seeds to ger-
minate, the longevity of the soil seed bank and the spatial 
position of patches in the landscape (Bakker & Berendse 
1999, Helsen et al. 2013). Most calcareous grasslands spe-
cies are badly represented in the persistent seed bank (Ka-
lamees & Zobel 1998, Bisteau & Mahy 2005). However, 
some species can persist for several decades in the soil seed 
bank and emerge after restoration by clear cutting (Poschlod 
et al. 1998). Grazing by sheep and goats plays a major role 
in species dispersal in the landscape (Poschlod et al. 1998). 
Accordingly, grasslands management practices imitating tra-
ditional shepherding may enhance species colonization on 
restored grasslands. In the absence of itinerant grazing, long 
distance dispersal is thought to be limited for most calcare-
ous grasslands species even if some species are potentially 
wind dispersed (Tackenberg et al. 2003). 

After colonization, restored populations must be able 
to persist over the long term through offspring production 
(Montalvo et al. 1997). In the case of limited dispersal in 
space and time, founding populations can be small and rep-
resent only a minor portion of the genetic diversity of the 
source population (Montalvo et al. 1997, Hufford & Mazer 
2003). This leads to increased risks of inbreeding depression 
and decreased adaptive potential of the restored population 
(Barrett & Kohn 1991, Ellstrand & Elam 1993). Small popu-
lations are more exposed to random environmental fluctua-
tions (Menges 1991, Widén 1993, Heschel & Paige 1995), 
may be less attractive to pollinators (Sih & Baltus 1987, 
Hendrix & Kyhl 2000) and may consequently have lower 
reproductive success. Loss of genetic variation in founding 
populations can lead to a lower fitness (Shaffer 1981, Lande 
1988, Williams 2001, Reed & Frankham 2003, Matthies et 
al. 2004). Nevertheless, rapid population growth and expan-
sion can also decrease risks of reducing fitness in newly cre-
ated populations (Nei et al. 1975, Leimu & Mutikainen 2005, 
Bizoux et al. 2011). 

Finally, species performances in restored habitats may 
be affected by environmental conditions that gently differ 
from the reference habitat of the species and subsequently 
affect fitness (Vergeer et al. 2003, Quintana-Ascencio et al. 
2007, Adriaens et al. 2009). Colonization of a new habitat by 
maladapted genotypes can lead to a population sink (Pulliam 
1988). Conversely, colonization by genotypes able to survive 
and reproduce in the new created habitat could increase spe-
cies persistence in the landscape (Blais & Lechowicz 1989). 

In this context, we took advantage of three calcareous 
grasslands sites in Southern Belgium, where reference par-

cels coexist with parcels restored in the last twenty years and 
with more recently restored parcels. Using occurrence data, 
we evaluated the colonization stage of three specialist spe-
cies in the different parcels. We then compared components 
of fitness between recent restorations, old restorations and 
reference habitats.

MATERIAL AND METHODS

Study area, sites and parcels

The study was conducted in the Viroin valley, located in the 
Calestienne region (southern Belgium), a 5 km-wide and 100 
km-long belt of Devonian limestone hills and plateaus, with 
a SW-NE orientation (fig. 1). Calcareous grasslands of this 
area were developed under traditional agropastoral practices. 
Due to the abandonment of traditional agriculture, urbaniza-
tion and afforestation in the nineteenth century, calcareous 
grasslands have declined dramatically in the region (Adri-
aens et al. 2006, Piqueray et al. 2011a). Thanks to restoration 
projects, the calcareous grasslands area increased gradually 
from less than 40 ha in the 1980s to more than 150 ha to-
day. All remaining and restored grasslands are now managed 
with grazing and mowing in order to keep the habitat open. 
Despite the huge loss of habitat since the nineteenth century, 
this region is considered one of the core areas for calcareous 
grasslands conservation in Belgium.

Three sites were selected in the region: “La Montagne-
aux-buis” in Dourbes, “Les Abannets” in Nismes and “Les 
Rivelottes” in Treignes. At each site, three calcareous grass-
lands parcels were selected (fig. 1): (1) Reference grassland, 
i.e. calcareous grassland known to have existed for more than 
two centuries and considered the reference ecosystem for the 
restoration (SER (Society for Ecological Restoration Inter-
national Science & Policy Working Group) 2004), (2) Old 
restoration, i.e. grassland restored between 1990 and 2000, 
(3) Recent restoration, i.e. grassland restored between 2004 
and 2006. Restored parcels derived from forty to one hun-
dred-year-old forests of oak coppices (Montagne-aux-buis, 
Abannets) or pine stands (Rivelottes, Abannets) established 
on former calcareous grasslands. Pine stands were Pinus ni
gra or Pinus sylvestris plantations. Dense shrub oak coppices 
were mainly formed with Prunus spinosa, Crataegus mo
nogyna and Corylus avellana, with intermingled scarce trees 
of Quercus robur. Restoration protocols included trees and 
shrubs clearing mainly followed by sheep and goat grazing.

Study species

Three species considered calcareous grassland specialists 
(Piqueray et al. 2007) were selected: Sanguisorba minor 
Scop. (Rosaceae), a polycarpic perennial forbs producing 
flower heads consisting of fifteen to thirty wind-pollinated 
flowers; Potentilla neumanniana Rchb. (Rosaceae), a creep-
ing perennial forbs producing yellow entomophilous flowers; 
and Hippocrepis comosa L. (Fabaceae), a perennial legume 
producing yellow entomophilous flowers.  All three species 
are abundant in the study area (Adriaens et al. 2006).
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Data collection

In order to evaluate the success of calcareous grasslands res-
toration, indicators of species colonization and individual 
fitness were compared between the reference and restored 
grasslands (old and recent restorations). 

The occurrence of species at the parcel scale was evalu-
ated by observing species presence or absence in 1 m2 plots 
systematically placed in parcels, representing a sampling 
rate of  ca. 6% of each parcel area (between 123 and 505 
observed plots, depending on the parcel for a total of 2303 
plots). 

For each study species, twenty plots (1 m2) were ran-
domly selected in each parcel (among plots were the species 
was present) of two sites (fig. 1), and one individual was ran-
domly selected (in each plot) for fitness components meas-
urements.

The method used to measure fitness components depend 
on the species (see details of the recording method in ta-
ble 1). For S. minor, the number of inflorescences per indi-
vidual (Sm_inflos) and the number of seeds per inflorescence 
(Sm_seeds/inflo) were recorded. For P. neumanniana and H. 
comosa the number of flowers per individual (respectively 

Pn_flowers and Hc_flowers) and the number of seeds per 
fruit (respectively Pn_seeds/fruit and Hc_seeds/fruit) were 
recorded. The final fitness was measured as the total seeds 
produced per individual (see details of the recording method 
in table 1). 

As competition and environmental variability can direct-
ly affect species performances we evaluated the bare ground 
cover in 1 m2 plots around each selected individual. We es-
timate the bare ground cover using van der Maarel (1979) 
scale (0 = 0%; 1 = < 0.1%; 2 = 0.1–1%; 3 = 1–5%; 5 = 
5–25%; 7 = 25–50%; 8 = 50–75%; 9 = 75–100%). 

Data analysis

In order to evaluate species colonization in restored parcels, 
a generalized linear model was fitted to the occurrence data 
(binomial family), followed by an analysis of deviance with 
restoration classes [(1) reference grassland, (2) old restora-
tion, (3) recent restoration] and site as crossed factors. The 
analysis was followed by a pairwise comparison of propor-
tions (number of plot where the species was present/total 
number of plots, using the “pairwise.prop.test” function in 
R) among restoration classes. 

Figure 1 – Study region (Viroin Valley, Southern Belgium) and selected parcels of the three study sites (Montagne-aux-buis: 50°05ʹN–4°34ʹE, 
Abannets: 50°04ʹN–4°34ʹE, Rivelottes: 50°05′N–4°40′E). Occurrence of study species was observed in each site. Fitness components were 
measured in only two sites for each study species (as indicated under sites names).
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In order to compare fitness components and the final fit-
ness of each study species in restored and reference parcels, 
two-way analyses of variance were performed (with resto-
ration classes and site as crossed factors) on each variable 
(fitness components and final fitness, table 1). In the case of 
a significant interaction with site effect, one-way ANOVAs 
were performed for each site separately. If a significant dif-
ference was observed between restoration classes, a Tukey’s 
comparison test was performed. 

To compare bare ground cover between study sites and 
parcels, one-way ANOVAs were performed for each site 
with restoration classes as fixed factor [(1) reference grass-
land, (2) old restoration, (3) recent restoration]. If a signifi-
cant difference was observed between restoration classes, a 
Tukey’s comparison test was performed. 

Response variables were arcsine-square root- (Pn_seeds, 
Hc_seeds) or log- (Sm_inflos, Sm_seeds, Pn_flowers, Hc_
seeds/fruit, Hc_flowers) transformed when needed to meet 
the assumptions of statistical analyses. All analyses were 
performed with R 2.14.0 (The R Foundation for Statistical 
Computing 2011).

RESULTS

Colonization of restored parcels

The occurrence of S. minor was significantly more impor-
tant in reference grasslands than in restored grasslands. It 
was also more important in old restorations than in recent 
restorations (df = 2,2300; deviance = 1177.11; P < 0.001) 
(fig. 2). For P. neumanniana, the occurrence was more im-

portant in the reference grasslands and the old restoration 
than the recent restoration (df = 2,2300; deviance = 46.81; 
P < 0.001), except in the Montagne-aux-buis site, where the 
occurrence of P. neumanniana was significantly higher in re-
cent restoration than in other parcels (df = 2,717; deviance 
= 74.73; P < 0.001). H. comosa was globally less abundant 
than the two other species, and no significant differences 
were observed between reference and restored grasslands 
except in the Montagne-aux-buis site, where the occurrence 
of H. comosa was significantly higher in recent restoration 
(dF = 2,717; deviance = 163.02; P < 0.001) than in other 
parcels (fig. 2). 

Reproductive success 

Fitness components – Individuals of S. minor and P. neu
manniana produced significantly more inflorescences, or 
flowers, in recent restorations than others parcels (respec-
tively df = 2,114; F = 18.49; P < 0.001; and df = 2,114; 
F = 37.40; P < 0.001; fig. 3A & B). S. minor individuals 
produced 8.3±1.7 inflorescences in recent restorations, com-
pared to 1.9±0.5 inflorescences in reference grasslands and 
0.9±0.3 inflorescences in old restorations (fig. 3A). P. neu
manniana individuals produced 33.9±6.9 flowers in recent 
restorations, compared to 2.5±0.4 flowers in reference grass-
lands and 2.8±1.0 flowers in old restorations (fig. 3B). For 
S. minor, the production of seeds per inflorescence was site 
dependent. For this species, the seeds production per inflo-
rescence was significantly higher for the reference grassland 
than for the recent restoration of the Montagne-aux-buis site 
(df = 2,25; F = 4.75; P = 0.018; fig. 3D). For P. neuman
niana, no differences were found for the number of seeds 

Sanguisorba minor Potentilla neumanniana Hipocrepis comosa

Fitness 
components 

Sm_inflos: Number of 
inflorescences per individual

Pn_flowers: Number of flowers 
per individual (Pn_flowers/stem × 

Pn_stems)

Pn_flowers/stem: Mean number 
of flowers per stem (measured on 

5 randomly selected stems per 
individual)

Pn_stems: Number of stems per 
individual

Hc_flowers: Number of flowers per 
individual (Hc_flowers/inflo × Hc_inflos)

Hc_flowers/inflo: Mean number  
of flowers per inflorescence 

(measured on 20 randomly selected 
inflorescences per individual)

Hc_inflos: Number of inflorescences  
per individual

Sm_seeds/inflo: Mean number of 
seeds per inflorescence (measured 
on all the inflorescences of each 

individual)

Pn_seeds/fruit: Mean number 
of seeds per fruit (measured on 
20 randomly selected fruits per 

individual)

Hc_seeds/fruit: Mean number of seeds per 
fruit (measured on 20 randomly selected 

fruits per individual)

Hc_fruits/inflo: Mean number of fruits per 
inflorescence (measured on 20 randomly 
selected inflorescences per individual)

Final fitness Sm_seeds: Number of seeds per 
individual

Pn_seeds: Number of seeds 
per individual (Pn_seeds/fruit × 

Pn_flowers)

Hc_seeds: Number of seeds  
per individual (Hc_seeds/fruit ×  

Hc_fruits/inflos × Hc_inflos)

Table 1 – Fitness traits evaluated on study species.
Final fitness, i.e. seeds production over one season, was either directly measured (S. minor) or estimated from fitness components. Fitness 
components (in bold) allow for a better understanding of reproductive performance variation. 
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per fruit between the reference and the restored grasslands 
(fig. 3E). Concerning H. comosa, the number of flowers 
was significantly higher (df = 2,114; F = 8.40; P < 0.001; 
fig. 3C) for recent restorations (826.0±128.0 flowers) than 
for old restorations (244.8±26.5 flowers). For this species, 
differences of seeds production per fruit were site dependent. 
Data was missing for one parcel of the Montagne-aux-buis 
site because the parcel was grazed before measurements. No 
differences were observed between reference and old resto-
ration parcels in this site. At the Rivelottes site, individuals 
of the old restoration produced significantly more seeds per 
fruit (df = 2,56; F = 4.32; P = 0.018; fig. 3F) than individuals 
of the recent restoration (respectively 2.3±0.2 and 1.6±0.2 
seeds/fruit). 

Figure 2 – Species occurrence (% of presence in 1m2 plots placed 
systematically in parcels representing a sampling rate of ~6% of each 
parcel’s area) in selected parcels of the three study sites (Abannets, 
Montagne-aux-buis and Rivelottes sites are represented by triangles, 
white squares and black squares respectively).

Final fitness – Individuals of S. minor and P. neuman
niana had a significantly higher final fitness (respectively 
df = 2,114; F = 13.9; P < 0.001; and df = 2,114; F = 23.1; 
P < 0.001) in recent restorations than other parcels. S. mi
nor individuals produced 147.5±35.6 seeds in recent resto-
rations, compared to 29.5±7.1 seeds in reference grasslands 
and 18.4±5.8 seeds in old restorations. P. neumanniana 
individuals produced 458.0±106.0 seeds in recent restora-
tions, compared to 38.4±5.9 seeds in reference grasslands 
and 60.1±16.4 seeds in old restorations (fig. 3H). For H. co
mosa, differences in seeds production per individual were 
site dependent. Individuals of the recent restoration of the 
Rivelottes site produced significantly more seeds (df = 2,56; 
F = 4.39; P = 0.017; 913.0±135.0 seeds) than individuals of 
the old restoration (379.0±81.6 seeds). Data was missing for 
one recently restored parcel of the Montagne-aux-buis site. 
At this site, no difference of final fitness was observed be-
tween the reference and the old restoration (fig. 3I).

Bare ground cover

In the Montagne-aux-buis site, the bare ground cover was 
significantly higher on the recent restoration compared to 
other parcels, whatever the species (df = 2,57; F = 7.06; 
P = 0.002 for S. minor; df = 2,57; F = 5.55; P = 0.006 for 
P. neumanniana; df = 2,57; F = 7.27; P = 0.002 for H. como
sa; table 2). In the Abannets site, the bare ground cover was 
not significantly different around P. neumanniana individu-
als (df = 2,57; F = 0.12; P = 0.883; table 2) but significantly 
higher in the recent restoration and the reference around S. 
minor individuals (df = 2,57; F = 11.61; P < 0.001; table 
2). In the Rivelottes site, there was significantly more bare 
ground cover in the reference parcel than in the old restora-
tion (df = 2,57; F = 3.67; P = 0.032; table 2).

DISCUSSION

Colonization of restored parcels

The first step to evaluate restoration success using a popula-
tion approach is to determine if species have been able to 
form new populations on restored grasslands. Like other 
ecological processes, colonization and species expansion can 
require long periods of time. Following biotope restoration, 
grasslands may exhibit a colonization credit due to a time lag 
for species dispersal (Cristofoli et al. 2010). Some species 
can therefore not yet be observed in the vegetation but can 
be expected to colonize restored grasslands in ensuing years. 
In the calcareous grassland of our study region, however, 
Piqueray et al. (2011c) showed that there was no colonization 
credit for our three study species. The three species consid-
ered in the present study have been able to colonize restored 
habitats. This is in agreement with the observations of Deles-
caille (2006, 2007) in the Abannets site. However they were 
globally less present on restored grasslands than on reference 
grasslands. There are probably multifactorial causes explain-
ing patterns of occurrence of each target species on study 
sites, including emergence from soil seed bank, multiple dis-
persal agent (like wind, sheep, goats or human management), 
spatial distribution of grasslands patches in the landscape 
and environmental variability. Although restored sites were 
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Figure 3 – Means and standard error of fitness components (Graphs A to F) and fitness traits (Graphs G to I) of study species for reference 
grasslands, old and recent restorations. For a same symbol, significantly different means are followed by different letters. P-values of the two 
ways variance analyses for the different factors (restoration class, site and their interaction) are given up-right on each graph, and significant 
p-values are in bold (n.t. = not tested). When a significant interaction between the two factors was pointed out, results were drawn for 
each site separately. Results of AV2 for two sites are represented by black points, results of AV1 for the Abannets, Montagne-aux-buis and 
Rivelottes sites are represented by triangles, empty squares and full squares respectively. Data were missing for Hippocrepis comosa in one 
parcel because the parcel was grazed before fruits and seeds were collected.

Species Sites Reference Old restorations Recent restorations P-value

Sanguisorba minor Mont.-aux-buis
Abannets

0.15±0.15 a

0.85±0.25 b
0.15±0.15 a

0.00±0.00 a
1.50±0.46 b

1.50±0.30 b
0.002

<0.001

Potentilla neumanniana Mont.-aux-buis
Abannets

0.15±0.15 a

0.60±0.28
0.25±0.25 a 
0.45±0.25

1.40±0.42 b

0.45±0.21
0.006
0.883

Hipocrepis comosa Mont.-aux-buis 
Rivelottes

0.30±0.21 a

2.50±0.44 b
0.00±0.00 a 
1.00±0.34 a

1.35±0.41 b 
1.70±0.39 ab

0.002
0.032

Table 2 – Differences of bare ground cover between study parcels.
Percentage of bare ground cover was estimated in 1m2 plots placed around each individual. The van der Maarel (1979) scale was used 
to estimate de bare ground percentage in the plot (0 = 0%; 1 = < 0.1%; 2 = 0.1–1%; 3 = 1–5%; 5 = 5–25%; 7 = 25–50%; 8 = 50–75%; 
9 = 75–100%). Means and standard errors of bare ground cover are given for reference grasslands, old and recent restorations of study sites. 
Significantly different means are followed by different letters. Significant p-values are in bold.
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afforested forty to one hundred years ago, it is conceivable 
that P. neumanniana and S. minor emerged from the soil seed 
bank, as showed by a study conducted at the Abannets site 
(Delescaille et al. 2006). Indeed, those two species have a 
long-term persistent seed bank (over several decades, > 25 
years) (Poschlod et al. 1998). Moreover P. neumanniana 
and S. minor could have colonized restored parcels through 
dispersal by sheep or goats that grazed parcels of differ-
ent calcareous grasslands sites during the grazing season. 
Those species are not well dispersed by wind (Poschlod et 
al. 1998), and sheep play a major role in dispersal across the 
landscape (Fischer et al. 1996, Poschlod et al. 1998). H. co
mosa seed bank persists only between six and twenty years 
in the soil (Poschlod et al. 1998), and seeds of this species 
are not efficiently dispersed by wind (Poschlod et al. 1998). 
The presence of this species on restored grasslands could 
be explained by parcels management, as dispersal by goats 
has been observed for this species (Müller-Schneider 1954). 
H. comosa occurrences on restored and reference grasslands 
were comparable. However, it has to be noted that reference 
grasslands are remnant grasslands that have been isolated in 
the landscape for more than one century. These grasslands 
surely represent a core area for the calcareous grasslands 
ecological network, but they may also exhibit an extinction 
debt that can affect specialist plant species (Piqueray et al. 
2011c).

Interestingly, in one site (the Montagne-aux-buis), we 
found the occurrence of P. neumanniana and H. comosa to be 
higher in the recent restoration than the reference grasslands 
and the old restoration parcels (fig. 2). Species recolonization 
can be influenced by the distance between the restored par-
cels and the nearest reference grassland (Helsen et al. 2013). 
In this site, the recent restoration is close to the reference 
parcel and the old restoration is 120 meters away from the 
nearest reference habitat. However, study parcels are always 
close to another calcareous grassland parcel. No parcel is 
isolated in a forest or agricultural landscape. Environmental 
variability between sites or parcels could also explain differ-
ences in patters of species occurrence. In a previous work, 
Piqueray et al. (2011b) pointed no significant differences in 
soil conditions between parcels or sites of the same study 
area. However, our results showed that the bare ground cover 
was higher in this recent restoration of the Montagne-aux-
buis site. This could increase availability of microsites for 
germination (Piqueray et al. 2013) and seedlings emergence 
(Kotorová & Lepš 1999, Zobel et al. 2000) and modify com-
petition regimes as compare to reference grasslands.

Reproductive success of restored populations

A second step in evaluating the restoration success using a 
population approach comprises assessing performances, e.g. 
the fitness of recently established individuals as compared to 
reference ones. In this study, all three studied species pro-
duced more flowering units and more seeds per individual 
in recent restorations than in the reference grasslands (with a 
less obvious pattern for H. comosa, see fig. 3). These results 
are hopeful concerning population persistence in restored 
grasslands, as individuals with a higher fitness are prone to 
increase population dynamics and decrease extinction risks. 

We must however be careful as we did not test seeds quality 
and viability. Rosaceae are known to produce a significant 
proportion of non-viable seeds (ENSCONET 2009). Moreo-
ver, seeds could be predated before germination occurs. The 
observation of a high fitness in recently founded populations 
can be explained by a high genetic diversity of created popu-
lations (Leimu & Mutikainen 2005). Recent populations can 
indeed have been created from multiple colonization events 
from several sources populations through grazing, since 
sheep herds typically graze alternatively in many calcareous 
sites. In addition, the seed bank may be a source of genetic 
diversity (Templeton & Levin 1979) that could be restored 
when habitat conditions are suitable again. A high genetic di-
versity associated with a rapid demographic extension may 
have promoted reproductive success in recent populations 
(Leimu & Mutikainen 2005).

The number of seeds per inflorescence or per fruit was 
not significantly different between reference and restored 
grasslands. This shows that the key parameter influencing fi-
nal fitness is the number of flowers, or inflorescences and not 
the number of seeds produced by floral unit. This suggests 
that pollination is not a limiting factor for seed production. 

Finally, higher reproductive performances in recent res-
toration may be explained by environmental conditions. 
In our study sites, Piqueray et al. (2011b) showed that soil 
conditions have been restored and do not differ according 
to previous land use (oak or pine forest). They pointed out 
low differences between reference and restored grasslands in 
terms of soil fertility, but the mineralisation rate was high-
er on restored sites and may explain individual success. In 
addition, recently restored parcels generally exhibit higher 
bare ground cover that offers microsites for germination and 
decreases competition (Piqueray et al. 2013). However, the 
higher bare ground cover was not the only parameter that 
can explain fitness variability between parcels. Indeed, in the 
Abannets site, the fitness of P. neumanniana was significant-
ly different between parcels despite no differences of bare 
ground cover. And for H. comosa, the fitness was higher on 
the recent restoration of the Rivelottes site despite a reduc-
tion of bare ground cover compared to reference grasslands 
(fig. 3 & table 2).

Implications for the future

Our results suggest that, during the colonization of recently 
restored calcareous grasslands, the fitness of individual is 
hardly affected by any process that could reduce their repro-
ductive capacity like unfavourable environmental conditions 
or insufficient genetic mixing. In contrast, the high reproduc-
tive output of individuals in restored parcels is expected to 
enhance population growth, which may finally compensate 
for the lower initial occurrence. These results therefore dem-
onstrate how population processes can increase ecological 
resilience (sensus Suding et al. 2004). When the massive 
colonization is over, both abiotic and biotic conditions in 
the restored habitat should approach those of the reference 
habitats (Piqueray et al. 2011b), and the fitness of individu-
als should be reduced to levels comparable to the reference 
grasslands. This final situation seems to almost be reached 
for H. comosa that exhibit similar occurrences in all restora-
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tions classes. That is the species for which final fitness was 
comparable between recent restorations and reference habi-
tats (fig. 3). S. minor and P. neumanniana, in contrast, ex-
hibit slower colonization still in progress, with occurrences 
of respectively 82±8% and 52±12% in reference habitats,  
58±15% and 42±9%  in old restorations and only 11±5% and 
39±22%  in recent restorations. For these two species, final 
fitness was respectively five times and eleven times higher in 
recent restorations than in reference habitats. 

From a management point of view, these processes are 
encouraging. Seed dispersal seems sufficient to establish 
satisfactorily diverse populations. One must keep in mind, 
however, that the patterns observed in this study might not 
be true for rarer species and/or those whose seed dispersal 
relies on agents not related to management schemes and/or 
those relying on declining populations of specific pollinators 
for successful reproduction. Using a population approach for 
these species will be necessary to fully assess the success of 
restoration programmes of calcareous grasslands in Belgium. 
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