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ABSTRACT

Long-term grazing shaped plant diversity in dry Mediterranean grasslands. Abandonment of grazing
affects plant diversity especially in the northern Mediterranean. Considerable efforts are, therefore, under
way for grassland conservation and restoration. Yet, we do not know at which temporal scales impacts
of grazing abandonment appear and in particular how soil seed banks evolve after longer grazing
abandonment. Here, we provide detailed data from one of the very few long-term experiments available.
These experiments provide data for up to 23 years (1982-2005) of grazing exclusion built in 1982, 1989,
2000 and 2001. Grazing exclusion decreased species richness, modified vegetation structure and changed
soil parameters. Decline in species richness appears in communities that experienced 16 and 23 years
of grazing exclusion. Only four to nine plant species of this Mediterranean grassland built persistent soil
seed banks appearing after grazing exclusion, compared to 40-50 species in the established vegetation
of grazed plots. Hence, similarity between vegetation and soil seed bank decreased with time of grazing
exclusion. Even 23 years after abandonment, no woody plants colonised the experiments. We conclude
that vegetation will recover fast from grazing abandonment in the short-term. Nevertheless, longer
abandonment will impact diversity due to reduced soil seed banks.
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Introduction

One quarter of earth’s landscapes is covered by species-rich
grasslands (Henwood 1998). Although origins are still controver-
sial, grazing by domestic livestock since the Neolithic has been
identified (Vera 2000). Grazing by large mammals modifies veg-
etation structure, composition and function (Wieren 1995; Peco
et al. 2005). A main effect of grazing is the limitation of estab-
lishment and development of woody plants (Dfaz et al. 2007;
Saatkamp et al. 2010). Since grazing creates a high light envi-
ronment and multiple regeneration niches, grazing maintains
a high plant species richness (Milchunas and Noy-Meir 2002).
Abandonment of grazing leads therefore to a decrease in plant
species richness, a decrease that has been documented for the
northern Mediterranean area (Bonet 2004; Peco et al. 2006).
Plant and insect species richness is maximised under inter-
mediate grazing regimes (Fadda et al. 2007; Dutoit et al. 2008). In
Mediterranean climates, grazing effects on vegetation are ampli-
fied by drought and oligotrophic soils, reducing further standing
biomass (Blondel et al. 2010). Therefore, in many Mediterranean
areas, this led to species-rich grasslands (Quézel and Médail 2003).
Since these grasslands evolved under several thousand years of
grazing (Henry et al. 2010), they are excellent models to study
the role of grazing and its abandonment on plant composition,
richness and structure (Dfaz et al. 2007; Saatkamp et al. 2010;

Catorci et al. 2012). In order to advice conservation practitioners
and to restore species-rich communities, detailed information on
how and when dry grassland vegetation structure and diversity
change in response to grazing abandonment is needed. In par-
ticular, for Mediterranean climates it is still not well-known how
soil seed banks contribute to recovery of species richness after
low grazing frequency initinerant systems or low stocking rate in
closed pastures (Peco et al. 1998; Saatkamp et al. 2010). Moreover,
until now experiments, such as isolated grazing exclosures, have
not been evaluated for the importance of dispersal limitation as
mechanism limiting plant diversity locally (Turnbull et al. 2000;
Poschlod et al. 2013).

The importance of experimental long-term data-sets on
vegetation for analysing the effects of land-use changes is
now widely recognised (Kahmen and Poschlod 2004; Pei et al.
2008). Unfortunately, very few long-term experimental series are
available to study the effect of grazing, due to the difficulty of
maintaining such experiments over longer time. Spatial series
corresponding to different stocking rates and the study through
time of abandoned situations (chronosequences) have been
used to analyse long-term effects of grazing (Peco et al. 2005;
Yeo 2005; Firincioglu et al. 2007; Skornik et al. 2010). In this paper,
we present data on long-term grazing exclosure experiments with
a maximum age of 23 years. These exclosures have been built
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since 1982 and allow the study of along-term series with precisely
known dates which gives important additional information com-
pared to previous spatial chronosequence approaches (Puerto
and Rico 1992).

Soil seed banks are of particular importance for recovery after dis-
turbances (Bisteau and Mahy 2005; Forey and Dutoit 2012). However,
many Mediterranean dry grassland species have only transient soil
seed banks (Saatkamp et al. 2011, 2014; Metzner et al. 2017). This is
exacerbated by striking differences in composition between estab-
lished vegetation and persistent soil seed banks (Peco et al. 1998;
Metzner et al. 2017). These differences are much smaller with the
transient seed bank (Peco et al. 1998). Persistent seed banks can be
used to restore former plant communities after changes in land-use,
e.g.abandonment of grazing (Bossuyt and Honnay 2008). Whereas
the impacts of grazing abandonment on Mediterranean grassland
vegetation has been studied using short-term exclosures (Peco et al.
2006), long-term and different aged exclosures have not yet been
used to study the changesin established vegetation and permanent
soil seed banks (Witt et al. 2011).

In this context, our aim was to analyse if: (1) diversity of estab-
lished vegetation and persistent soil seed bank declines after
different periods of grazing abandonment and (2) differences
between established vegetation and soil seed banks increases
with time in terms of species richness, diversity, vegetation com-
position, within habitat dissimilarity and plant cover. Moreover,
we want to know whether: (3) changes in soil physico-chemical
parameters are related to species composition in a constrained
correspondence analysis. Finally, (4) we also want to compare
different sites in order to highlight whether a site effect can alter-
natively explain the differentindices measured. Finally, we discuss
our results within the framework of future conservation manage-
ment plans for Mediterranean dry grasslands.

Methods
Study area

All studied grazing exclosures are in the La Crau plain (Figure 1),
which is a particularly well-conserved Mediterranean dry grass-
land area (Devaux et al. 1983). Although covered by alluvial
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Figure 1. Map of the study area in the plain of La Crau and in Southern France with
locations of the four exclosures: Négreiron (N), Terme Blanc (T), Peau de Meau (P),
Merle (M).

material, due to tectonic uplift dating back to the Pleistocene,
today the La Crau plain is no longer flooded by rivers. Climate is
Mediterranean, with dry summers, and rainfall peaks in autumn
with annual means of 579.3 mm, and a mean annual temperature
of 14.3°C, a mean annual maximal of 18.9°C and a mean annual
minimal of 8.9°C (1981-2010 at Salon-de-Provence). Grazing is
characterised by itinerant sheep flocks and is documented for
at least 2000 years based on Roman archaeological remains
and writings by Pliny the elder,' but probably existed since the
Neolithic (Badan et al. 1995; Henry et al. 2010). Itinerant sheep
grazing is heterogeneous and difficult to quantify, stocking
rates for the entire plain have been estimated to 1.5-2.5 sheep
ha™' year™' since the beginning of the 1980s (Buisson and Dutoit
2006). The plots used in this study have never been ploughed
but always been grazed as far as documentation can sustain this
point. Wild fires were used for pasture management until the
beginning of the 19th but are not longer practice.

Although this steppe-like ecosystem is unique for southern
France, many features are representative for dry grasslands
in the Mediterranean (Buisson and Dutoit 2006). Vegetation
has been described as Asphodeletum fistulosi (Thero-
Brachypodietalia) and Crassuletum tillaeae (Tuberarietalia
guttati) by Molinier and Tallon (1950). It is dominated by
Brachypodium retusum and Thymus vulgaris and is a particularly
species rich. Woody plants are extremely rare and 49.4% of all
plants species are annuals that mainly germinate in autumn
and flower from March to May or in September. Biomass pro-
duction is highest in spring and autumn, and was assessed to
2.1 t ha™' year™ (Bourrelly et al. 1983). Conservation efforts
are underway to preserve intact and restore formerly culti-
vated parts of this ecosystem (Buisson and Dutoit 2006; Dutoit,
Buisson, et al. 2013; Dutoit, Jaunatre, et al. 2013). Today 10
500 ha of the undisturbed steppe plant community still existin
15 patches. All exclosures were built in large patches that were
not affected by past cultivation; some of them were closed to
formerly cultivated patches.

Sampling design

In 2005, we studied four exclosures of different ages at four
sites (Figure 1). Fences were used to exclude sheep from these
experimental plots. The precise history of each exclosure was
reconstructed in each of the four sites by documentary evidence
(references to papers related to the use of the exclosures see
Table 1) and aerial photographs from 1979 to 2007. The oldest
exclosure of Le Merle was built in the North of the plain. It was
setupin 1982 for ecological monitoring purposes on plant com-
munity biomass (Bourrelly et al. 1983). The exclosure of Peau de
Meau in the centre of the plain was built in 1989, for studying
the impact of the absence of grazing (Masip 1991). The two
youngest exclosures Terme Blanc and Négreiron in the South
of the plain were built, respectively, in 2000 and 2001 to study
plant biomass and grasshopper density for the conservation
of the Lesser kestrel (Falco naumanni), one of their predators
(Pilard and Brun 2001). The present itinerant grazing system in
the surrounding area of the exclosures was comparable in terms
of animals (sheep), intensity and grazed seasons (from February
to June) in 2005, but also since the beginning of the 1980s
(Bourrelly et al. 1983; Masip 1991; Pilard and Brun 2001).



Table 1. History of the four studied exclosures in the Crau area (Southern France).

Year of
Location Code creation Surface Coordinates References
Merle M 1982 0,2 ha 43°38'57.10" Bourelly
N (1984)
5°00"48.81"E Molénat
etal.
(1998)
Peau de Meau P 1989 025ha  43°33'25.41" Masip(1991)
N
4°49'50.37"E  Borck (1998)
Terme Blanc T 2000 3,7ha  43°32'04.70" Pilard and
N Brun
(2001)
4°52'06.09" E
Négreiron N 2001 3ha 43°32°20.90" Pilard and
N Brun
(2001)
4°49'05.66" E

Vegetation sampling and analysis

For each of the four exclosures, plant communities were sam-
pled in April-May 2005 in their centre (exclosure treatment),
more than 10 metres away from the fences, in order to avoid
edge effects already measured for these plant communities
(Buisson et al. 2006). In parallel, we studied grazed vegetation
outside the exclosures (grazed treatment).

For each treatment (grazed/exclosure) and at each site we
studied above-ground vegetation in six quadrates of 2 x 2 m
(4 m?) with a distance of 10 m between them, using frequency
records in 25 sub-quadrates of 0.16 m2 Relevés were done in
spring 2005, a year with average rainfall comparable to the
30-year average (Devaux et al. 1983). In total, 24 quadrates were
sampled in the grazed areas (600 sub-quadrates) and 24 in the
exclosures (600 sub-quadrates).

Additionally, we estimated vegetation cover for three height
classes of plants up to 5 cm high, 5-20 cm high and more than
20 cm highin each of the 48 quadrates. The same observer visually
estimated stone cover and bare ground cover on a percentage
scale. For each exclosure and grazed areas above-ground biomass
was collected by clipping all plants in six 50 x 50 cm quadrates
after the vegetation survey. Then, the samples were washed and
dried until constant weight.

Exclosures size varied from 0.2 to 3.7 ha. Sampling design
in terms of distances, number and size of replicates was fitted
to the scale of the smallest exclosure at Merle, however, exclo-
sures sizes always exceeded minimal floristic area of 40 m? for
these dry grasslands (Loisel et al. 1990) and enabled us to avoid
underestimating of plant species richness and diversity. In order
to enhance precision of site characteristics, and in order to meas-
ure beta-diversity we use pseudoreplication in each exclosure
or grazing area. For within-site comparisons, we consider these
samples as true replicates. We compared average species rich-
ness, diversity and similarity using the Serensen index for treat-
ments and sites.

Soil sampling and analysis

Parallel to the vegetation study, in 2005, soil samples of 200 g
each were taken at each site for five out of six vegetation sam-
ples at an average depth of 10 cm. After drying and sieving to
200 pm, soil chemistry (exchangeable calcium, magnesium and

potassium) and soil pH (water) were analysed in 2005, by the
INRA (Institut National de la Recherche Agronomique) using the
methods detailed in Baize (1988). Carbon was measured with
the Anne method and total nitrogen with the Kjeldahl method.
Particle size distribution was measured as percentage content
of clay (<0.002 mm), fine silt (0.002-0.02 mm), coarse silt (0.02-
0.05 mm), fine sand (0.05-0.2 mm) and coarse sand (0.2-2 mm)
using the Robinson method (Baize 1988).

Soil seed bank sampling

The soil seed bank was sampled and analysed in February 2005,
before the input of fresh seeds and after the germination of
most seeds in the fall and winter corresponding thus to the per-
sistent part of the soil seed bank, i.e. to seeds that persist longer
than to the first germination season (Walck et al. 2005). For each
exclosure and grazed area, six replicate soil seed bank samples
were taken. Classical soil cores could not be used since the soil
was extremely rocky. For each replicate, two 1200 cm? contain-
ers, each containing 10 subsamples, were filled with soil using a
small trowel, one for the 0-5 cm depth and one for the > 5 cm
depth (96 samples in total).

We used the seedling emergence method (Ter Heerdt et al.
1999) to identify species and quantify abundance of seeds in the
soil seed bank. Soil samples were reduced by washing through
two sieves of 2 mm and 200 um mesh size. The retained fraction
was spread in a thin layer (0.5 cm) in plastic trays filled with 2 cm
vermiculite topped with medical compresses of 100 um mesh
size. Trays were covered with fine gauze to prevent contamina-
tion and watered every day from below. Emerging seedlings
were identified, counted and removed weekly during six months
including a cold stratification in a cold chamber at 4°C for one
week before and after 3 months. Unidentifiable seedlings were
grown in pots and identified at flowering using Jauzein (1995),
which also served as nomenclatural reference.

Statistical analyses

We compared vegetation indices of sites, ages and treatments
using species richness, Pielou’s, Serensen and Raup-Crick indi-
ces. Species richness and Pielou’s diversity index were calculated
for the established vegetation and soil seed banks. Pielou’s index
was calculated as: J' = (=X, p; log (p))/log(S), where p. is the pro-
portional abundance of speciesiand S the total species richness.
We used this index since it is relatively uncorrelated to species
richness. We studied differences between grazed and exclosure
plots using the Serensen index S = 2a/(2a + b + ¢) for a global
comparison of the qualitative plant composition similitude
between the two treatments in each site, where a is the number
of species in common for two plots, b and ¢ are the numbers of
species appearing in only one of the plots. We calculated S and
J according to the above formula using decostand and diversity
functions in the R package vegan. We also studied differences
in species composition between established vegetation and soil
seed bank using the Raup-Crick dissimilarity index. We calcu-
lated the Raup-Crick dissimilarity using the R function vegdist
in the package vegan of R (Oksanen et al. 2007). It is a probabil-
istic index based on presence-absence data and is dependent
on the number of species missing in both sites (Legendre and



Legendre 1998). This index gives a dissimilarity reflecting how
much fewer species two samples share compared to lists drawn
randomly from an overall species pool, a feature particularly
interesting for sites with varying species richness as in our data.
These diversity parameters as well as vegetation, stone, bare soil
cover, soil chemistry (C, N, C:N, MgO, CaO and K,O content) and
particle sizes were compared between grazed plots and exclo-
sures across and within sites. For the across site comparisons, we
used linear mixed models (LMM) with maximum likelihood as
implemented in the package nime in R (Pinheiro et al. 2009) to
analyse the effect of grazed plots vs. exclosures coded as binary
explanatory variable and including sites as a random effect to
account for spatial nesting of samples. When data did not follow
a normal distribution (Shapiro-Wilk test) we applied log-trans-
formations. We also wanted to know how grazing/exclosures
treatments affected these variables within sites, therefore, we
applied t-tests for each site, if applicable on log-transformed
data, for non-normal data we applied U-tests (Sokal and Rohlf
1995).

Multivariate analyses were used to study relationships
between vegetation in terms of species composition, soil seed
bank composition and environment. We used a correspondence
analysis (CA) on plant vegetation frequencies in order to dis-
criminate differences due to sites on the one hand and changes
induced by grazing abandonment on the other hand. We then
integrated soil seed bank data into the CA space as additional
points according to species composition to highlight the evolu-
tion of soil seed bank using the predict function in the package
vegan of R (Oksanen et al. 2007).

To identify the factors which influenced the species compo-
sitions, we applied a constrained correspondence analysis (CCA)
on vegetation composition data as main matrix and soil as well
as structural parameters of vegetation as constraining matrix
(Legendre and Legendre 1998). All calculations and analyses
were donein R.

Results

Plant composition, evenness, a- and B-diversity of
established vegetation

We identified 131 different plant species in the soil surface veg-
etation and the soil seed bank of the studied plots, 119 of which
were found in grazed areas and 100 in the exclosures. The total
inertia of the CA was 2.25 (Figure 2(a) and (b)). The first two
axes of the CA accounted for 19% of the total variation with a
contribution of 13% to axis 1 and 6% to axis 2. Samples were
clumped by sites and distributed along the first axis from south
to north. The CA plot also shows that exclosures are always dis-
tributed near the correspondent grazed area; differences in spe-
cies composition between the two treatments increased with
time elapsed for Négreiron, Terme Blanc and Peau de Meau,
showing plant communities different in their floristic composi-
tion and structure. Centaurium erythraea, Phlomis lychnitis and
Lamium amplexicaule were characteristic species of the oldest
exclosure at the northernmost of Merle. Characteristic species
of the southernmost site, Négreiron, were Urospermum dale-
champii, Camphorosma monspeliaca and Cardamine hirsuta.

The remaining sites — Peau de Meau and Terme Blanc - as well
as grazed areas at Merle were clumped and characterised by
species like Vulpia ciliata, Brachypodium distachyon, Galium
parisiense and Taeniatherum caput-medusae. Axis 2 reflected
the opposition between grazed areas and exclosures, with fre-
quent species in exclosures differing among sites but including
large plants such as Centaurea solstitialis and Phlomis lychnitis,
as opposed to small annuals, such as Hypochoeris glabra and
Asterolinon linum-stellatum in grazed areas.

Species richness and evenness differed significantly between
treatments within sites (Figure 3(a) and (b)) and in the whole study
area (Table 2). Nevertheless, only the older exclosures showed asig-
nificant decrease in species richness (Terme Blanc, Peau de Meau
and Merle) and evenness (Peau de Meau and Merle) (Figure 3(b)).
No significant difference was detected between the grazed area
of Négreiron and its recent exclosure (Figure 3(a) and (b)).

The floristic similarity between grazed and exclosure decreased
as measured by Serensen index between the youngest exclo-
sure at Négreiron with 67.8-47.6% at Merle the oldest exclosure.
Raup-Crick’s dissimilarity index increased with increasing age of
exclosures between the youngest (N, d_=0.0116) and the oldest
(M, d _=0.1297) exclosure.

For each site, the above-ground biomass was significantly
higher in the exclosures (Table 2) and there was a significant
increase of the cover of the highest vegetation layer in the linear
mixed model (Table 2), and vegetation cover values decreased
for small plants (<5 cm) and increased for high (>20 cm) plants.

Abiotic parameters and vegetation

Linear mixed models including sites as random effect detected
significant differences between grazed plots and exclosures
(Table 2). The constrained correspondence analysis in Figure 4,
shows additionally that the site gradient (axis 1) between more
calcareous and mesic sites in the North (Merle) is accompa-
nied by well-known basiphilous mesophytes such as Dactylis
glomerata and Vulpia ciliata, whereas southern sites have more
acidiphilous and oligotrophic species such as Filago gallica and
Spergula pentandra.

The coarse sand content in supplementary figure 1 exemplifies
a soil parameter that showed no difference among treatments
but differences among sites. There are similar site-specific differ-
ences for CaO, MgO and K,O content which are all higher in the
northernmost site at Merle. Comparing exclosures to grazed areas
using linear mixed models showed that exclosures have higher
nitrogen content, higher clay content lower coarse silt content,
lower pH and higher magnesium content (Table 2).

Soil seed bank, seed densities and species diversity results

The study of the 96 soil seed bank samples at both depths led
to the identification of 1566 seedlings of 55 species. Eight hun-
dred and fifty-eight seedlings were observed in the grazed areas
and 708 in the exclosures. Only 187 seedlings were observed in
the deeper layer (>5 cm), we therefore excluded these data from
all analyses. In the soil seed banks, 38 species were found in the
exclosures, 47 in the grazed areas, 29 were shared between in
both types. Only 66 seedlings (4% of the total) were not identified.
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Figure 2. (a) Correspondence analysis (CA) of 48 sampling units of established vegetation in grazed areas (white) and exclosures (grey) for the four studied sites; (b) 48
soil seed bank samples from grazed areas and exclosures have been added according to their species composition in the CA of established vegetation; for visibility we
represented only species with CA weight > 0.02; arrows indicate centroids from grazed to exclosure plots.

Conyza canadensis made up more than 32.6% of all emerged
seedlings. Frequent species in the seed bank of the grazed areas
were C. canadensis and Sideritis romana. The seed bank of exclo-
sures was dominated by Senecio vulgaris and S. romana. Only five
species were only found in the soil seed bank and in no sample of
the established vegetation (Chenopodium album, Conyza canaden-
sis, Diplotaxis tenuifolia, Portulaca oleracea and Solanum nigrum).

When soil seed bank samples are plotted according to species
scores from the CA carried out on the established vegetation sam-
ples (Figure 2(b)), there is a much less clear distinction between
treatments and sites.

For the richness and evenness of plants in the soil seed bank,
there was no overall effect of grazing exclusion (Table 2). However,
a significant difference was found in species richness of the whole
persistent seed banks between sites (F = 6.57, p < 0.01). Moreover,
there was an increasing evenness at Terme Blanc (Figure 3(d))
when grazing was excluded. There were no significant changes
between grazed areas and exclosures for floristic dissimilarities
between soil seed bank and established vegetation as measured
by Raup-Crick’s dissimilarity index (Figure 5). However, there was
a site-specific difference in dissimilarity at Merle, yielding a seed

bank that more closely resembles the established vegetation than
atthe grazed part of this area (Figure 5). The differences in species
composition within treatments as measured by the Raup-Cricks
index did not show a significant trend with time or treatment
(Figure 6). When considering floristic differentiation between
grazed and exclosure plots, the Raup-Cricks index showed an
increase from 5 to 23 years of exclosure (Figure 7).

Measured by emerging seedling number, there was no signif-
icant difference between sites and between treatments for the
upper seed bank layer. A significant difference appeared only for
the number of seedlings in the deeper seed bank layer which was
higher in the exclosures (F = 2.79, p < 0.05).

Discussion
Floristic composition and species richness

Grazing abandonment changes floristic composition and species
richness of the established vegetation. Although site and age
effects cannot be formally separated in the current experimental
setting, the effects of exlosure age on species richness (Figure 3(a))
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Figure 3. Plant species richness and Pielou’s diversity index for established vegetation (a and b, respectively) and soil seed bank (cand d, respectively). Significances from
U-tests are given in the figure; black = exclosures, white = grazed areas, N = Négreiron, T = Terme Blanc, P = Peau de Meau, M = Merle.

were systematically stronger for older compared to younger
exclosures. Nevertheless, floristic dissimilarities between grazed
areas and exclosures were still very small five years after the
cessation of grazing (Figure 7). These results corroborate locally
those of Borck (1998) and Molénat et al. (1998), who have already
noticed the absence of significant differences for the species
richness and floristic similarity between the grazed and the non-
grazed areas in the first years after abandonment. These results
confirmed also those of Montalvo et al. (1993) who have shown
in a five-year exclosure experiment that the effects of grazing
abandonment were very weak. The effects of climate in one par-
ticular year on species richness can interfere with the effect of
grazing exclosure, especially in grasslands dominated by annual
species (Peco et al. 2005). This is also the case for the dry grass-
lands of the Crau area (Buisson and Dutoit 2006).

In our case, we focused particularly on long-term abandon-
ment (more than 20 years) and it is clear that that the negative
effect of exclosure on species richness is more evident in sites that
were abandoned between 5 and 16 years even in the absence
of colonisation by matorral and forest species which are species
confined to natural grazing refuges on the border of the Crau
area (Devaux et al. 1983). In his review, Bonet (2004) pointed out
that abandoned Spanish Mediterranean grasslands are generally
colonised by matorral and forest species after 10 years of grazing
abandonment. In our case, even after 23 years, no seedlings of
shrub or forest species were identified in the oldest exclosure
(Merle). We attribute the absence of woody plant colonisation

to dispersal limitation (Turnbull et al. 2000), since seed sources
of woody species in remnant patches of forests and matorral are
very far from the exclosures, corroborating findings on the effects
of woody vegetation patches in other Mediterranean ecosys-
tems (Giarrizzo et al. 2017; Martin-Queller et al. 2017). Moreover,
absence of dispersal vectors for tree species e.g. the Eurasian Jay
(Garrulus glandarius) and the increase of herbaceous cover and
standing litter in the older exclosures (Peau de Meau and Merle)
can explain the absence in woody species colonisation.

Beside deep changes in species composition, the absence of
grazingresults in striking changes in vegetation cover and struc-
ture. In the oldest exclosure (Merle), thereis an increase of height
and perennial plant cover superior to 20 cm (e.g. D. glomerata, B.
retusum).This change in vegetation height and bare soil cover are
good predictors of grazing intensity in herbaceous communities,
confirming previous works (Peco et al. 2005, 2006; Pueyo et al.
2006). Although we did not quantify litter, the decrease of bare
soil and increase of vegetation height suggest that the amount of
litter probably also increased in exclosures and in this way added
to the differences in composition between grazed plots and exclo-
sures (Loydi et al. 2014).

Soil parameters

The main differences in the soil parameters are linked to a
south-north geographical gradient where the northern sites
(Merle) are characterised by higher stone cover and soil fertility



Table 2. Differences between grazed and exclosure plots as analysed by line-
ar mixed models (LMM) using sites as a random factor. The sign of the exclosure
column indicates the relation between the response variable and the exclusion of
grazing.

Dependent variable Exclosure df  F-value p-value

Species richness — estab- - 1,43 42,62 <0.0001 ***
lished vegetation

Species richness - soil 1,43 0.02 0.8676
seed bank

Dissimilarity soil seed 1,43 2.31 0.1355
bank - established
vegetation

Pielou’s diversity index - 1,43 2377  <0.0001 ***
established vegetation

Pielou’s diversity index 1,43 0.82 0.3681
soil seed bank

Cover 5 cm (log-trans- - 1,35 24.87 <0.0001  ***
formed)

Cover 5-20 cm (log-trans- 1,35 0.12 0.7212
formed)

Cover 20 cm (log-trans- + 1,35 1.4 <0.0001  ***
formed)

Biomass (log-trans- + 1,35 79.94  <0.0001 ***
formed)

Clay content + 1,35 11.29 0.0019 =

Fine silt content 1,35 0.17 0.6756

Coarse silt content - 1,35 467 0.0375 *

Fine sand content 1,35 232 0.1364

Coarse sand content 1,35 0.60 04414

C content 1,35 1.60 0.2135

N content + 1,35 5.74 0.0220 *

C/N ratio 1,35 0.01 0.9263

pH - 1,35 3.59 0.0664

CGo - 1,35 3.62 0.0653

MgO + 1,35 8.23 0.0069 **
(0] 1,35 0.05 0.8155

Baresoil cover (log-trans- - 1,35 107.69  <0.0001 ***
formed)

Stone cover (log-trans- - 1,35 14.54 <0.0001  ***
formed)

Notes: Significance levels *p < 0.05, **p < 0.01, **p < 0.0001.

parameters (mineral contents). This can be linked to the ancient
dynamics of the Durance river which deposited more limestone
rich material in the northern part of the plain (Colomb and Roux
1978; Molliex et al. 2013).

A significant increase in clay and total nitrogen contentsin the
oldest exclosure (Merle) could be directly linked to the absence
of grazing. Due to important wind erosion in the area, exclosures
with their increased plant cover and litter layer accumulate mate-
rials which are responsible of the total nitrogen and C:N increases.
This is corroborated by abundant soil and detritus material that
also accumulates in old sub-shrubs like Thymus vulgaris even in
grazed areas. We think that the specificities of the Crau area and
position of our exclosures are here responsible for differences with
previous findings in Mediterranean environments where extensive
grazing increases fertility through nutrient redistribution (Peco et
al. 2006). The increase in bare ground cover is a direct impact of
grazing by plant removal and soil trampling. However, we think
that the increase in stone cover is only an observation bias since
grazing increases stone visibility simply by reducing plant cover.

Soil seed banks

Previous studies on our study system (Buisson and Dutoit
2004; Romermann et al. 2005; Buisson et al. 2006) and other

Mediterranean dry grasslands (Ortega et al. 1997; Peco et al.
1998; Metzner et al. 2017) showed that the soil seed banks of
Mediterranean grasslands are mostly transient and that only
few species have persistent soil seed banks. Our data (Figure
3(0), (d) and Table 2) indicates that diversity of soil seed bank is
not decreasing after grazing abandonment. Differences in spe-
cies composition as measured by the Raup-Crick index between
soil seed bank and established vegetation are only significant in
the oldest exclosure. This contrasts with previous works, show-
ing that species richness and density of seed banks generally
decreases with successional age and under the same manage-
ment regime (Donelan and Thompson 1980). Moreover, soil
seed bank composition traces the changes in established veg-
etation to a small extent (Figure 2(b)). Altogether, this indicates
that persistent soil seed banks do react only very slowly to graz-
ing abandonment, and that therefore, species that have a persis-
tent soil seed bank are very unlikely to get lost from the system
even until 23 years after abandonment. However, much of the
variation in the soil seed bank, when grazing and exclosure
are compared is inconsistent among sites (Figure 5). Since we
essentially sampled the persistent soil seed bank, we think that
site-specific disturbance history probably influenced seed bank
patterns more than actual vegetation and that exclosures are all
relatively recent compared to the date when seed banks were
formed. This may explain the contrast to results already revealed
by numerous studies on the relation between plant succession
and soil seed banks in dry grasslands (Dutoit and Alard 1995;
Diaz-Villa et al. 2003) and is probably a result of the very long
grazing history in the Crau area (Buisson and Dutoit 2006).

Persistent seed banks usually contain a high proportion of
early successional species which rely on long-term viability as
part of their opportunistic strategy (Caballero et al. 2003). Here,
six species were found in the seed bank only and not in the
established vegetation (Carex sp., Chenopodium album, Conyza
canadensis, Diplotaxis tenuifolia, Portulaca oleracea and Solanum
nigrum). All these species are known to have a persistent soil
seed bank (Thompson et al. 1997) and flower in former arable
fields close to remnants of dry grasslands (Buisson and Dutoit
2004; Rémermann et al. 2005; Buisson et al. 2006). The presence
of these species is due to former arable fields (1500 ha) in the
surrounding area in the middle of the twentieth century, arable
fields did not exist in places where the exclosures have been
built (Robmermann et al. 2005). Our further investigations on
the soil seed banks (Coiffait-Gombault et al. 2012; Jaunatre et
al. 2014) suggests that the re-establishment of species richness
after long-term abandonement of dry grassland and re-introduc-
tion of sheep grazing can fail because ecological target species
are unable to colonise from the persistent soil seed bank. This
is also consistent with works that show seed rain to be more
important than the soil seed bank for the restoration of dry grass-
lands (Turnbull et al. 2000; Bisteau and Mahy 2005; Poschlod et
al. 2013). This depends on remnant patches of undisturbed veg-
etation in the vicinity and applies especially to plants that form
transient soil seed banks (Buisson and Dutoit 2004; Rémermann
et al. 2005). However, because many dry grassland plants have
low seed dispersability, remnant grazed patches cannot act as
sources for the dispersal of seeds of sufficiently long distances
(Buisson et al. 2006, 2015).
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Consequences for management of Mediterranean dry
grasslands

The results presented here show that the impact of long-term
grazing abandonment in Mediterranean grassland affects
the composition and species richness of established vegeta-
tion but not the composition of the persistent soil seed bank.
Persistent soil seed banks still show a strong dissimilarity with
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Figure 6. Differences in species composition of plots within treatments for each
site as measured by the Raup—Cricks dissimilarity index (log + 40 transformed for
visibility) for the established vegetation; G = grazed, E = exclosures, N = Négreiron,
T =Terme Blanc, P = Peau de Meau, M = Merle.

the established vegetation whatever the treatment. These
effects may have large consequences for conservation of these
species-rich ecosystems. If after five years of abandonment
the evolution seems to be reversible, this is not the case after
16-23 years where ecological restoration could only be possi-
ble if seed sources are still present close to the abandoned areas
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measured by the Raup—Cricks dissimilarity index for the established vegetation;
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(Muller et al. 1998). Long-term grazing abandonment causes the
loss of 40% of grassland species in La Crau area, whichisnot com-
pensated by the invasion of shrub species due to dispersal limi-
tation. This is a major issue for the conservation of plant species
richness of short lived and grazing tolerant species, which are an
important part of threatened plant species in the Mediterranean
(Muller et al. 1998; Peco et al. 2006). The Crau area has strong site
specificities such as dry alluvial deposits of pebbles, an ancient
weathering, and very extended pasture surfaces. However, spe-
cies composition is close to other works in Mediterranean pas-
tures (e.g. Ortega et al. 1997; Peco et al. 2006) and also matches
with pastures under Mediterranean climate around the world
which often harbour plants introduced from Europe that are in
our data-set (e.g. Dactylis glomerata, Brachypodium distachyon,
Centaurea solstitialis). We, therefore, think that our results hold
for similar pastures in Mediterranean climate zones.

Our data have shown that little changes occur for short
abandonment periods for most measured parameters, with the
exception of composition and species richness. Dramatic changes
occur only after much more than five years of grazing abandon-
ment. Moderate grazing improves fertility in very poor soils and
can promote plant and insect species richness (Peco et al. 2006;
Fadda etal. 2007; Blight et al. 2011; Alignan et al. 2014). Therefore,
for the very large spatial scale of the Crau area, which exceeds
10 000 ha, it can be suggested that short-time grazing aban-
donmentis tolerable and can even maximise species diversity at
higher spatial scales due to increased beta-diversity (Mesléard
etal.2011; Moinardeau et al. 2016). The limited changes occurring
after short-term exclosure suggest that flexible grazing manage-
ment methods might be used with comparatively little impact on
species composition, such as rotational grazing.

Note

1. Plinius, Naturalis Historia 21.57.

Acknowledgements

We are grateful to the CEN PACA and Ecomusée de Crau and the Nature
Reserve of the Coussouls de Crau for their authorisation to carry out soil
samples and access to study sites.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

Alignan J-F, Debras J-F, Dutoit T. 2014. Effects of ecological restoration on
Orthoptera assemblages in a Mediterranean steppe rangeland. J Insect
Conserv. 18(6):1073-1085.

Badan O, Brun JP, Congés G. 1995. Les bergeries Romaines de la Crau d’Arles.
Gallia. 52(1):263-310.

Baize D. 1988. Guide des analyses courantes en pédologie. Paris: INRA.

Bisteau E, Mahy G. 2005. Vegetation and seed bank in a calcareous grassland
restored from a Pinus forest. Appl Veg Sci. 8(2):167-174.

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. J Insect Conserv. 15(4):561-
572.

Blondel J, Aronson J, Bodiou JY, Boeuf G. 2010. The Mediterranean region:
biological diversity through time and space. Oxford: Oxford University
Press.

Bonet A. 2004. Secondary succession of semi-arid Mediterranean old-fields
in south-eastern Spain: insights for conservation and restoration of
degraded lands. J Arid Environ. 56(2):213-233.

Borck M. 1998. Evolution de la diversité spécifique sur la végétation de la
Crau en |'absence de paturage. Patrimoine Naturel et pratiques pastorales
en Crau, Bouches du Rhéne, 55-60.

Bossuyt B, Honnay O. 2008. Can the seed bank be used for ecological
restoration? An overview of seed bank characteristics in European
communities. J Veg Sci. 19(6):875-884.

Bourelly M. 1984. Contribution a I'étude écologique de la Crau (Bouches-du-
Rhéne): caractéristiques floristiques, dynamique annuelle, production
primaire de la Crau steppique. PhD thesis. Marseille: Université de
Provence.

Bourrelly M, Borel L, Devaux JP, Louis-Palluel J, Archiloque A. 1983.
Dynamique annuelle et production primaire nette de l'écosystéme
steppique de Crau (Bouches du Rhéne). Biologie-Ecologie
Méditerranéenne. 10:55-82.

Buisson E, Corcket E, Dutoit T. 2015. Limiting processes for perennial plant
reintroduction to restore dry grasslands. Restor Ecol. 23(6):947-954.

Buisson E, Dutoit T. 2004. Colonisation by native species of abandoned
farmland adjacent to a remnant patch of Mediterranean steppe. Plant
Ecol.174:371-384.

Buisson E, Dutoit T. 2006. Creation of the natural reserve of La Crau:
Implications for the creation and management of protected areas. J
Environ Manage. 80(4):318-326.

Buisson E, Dutoit T, Torre F, Romermann 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. Agric Ecosyst Environ.
115(1-4):6-14.

Caballero I, Olano JM, Loidi J, Escudero A. 2003. Seed bank structure along a
semi-arid gypsum gradient in Central Spain. J Arid Environ 55(2):287-299.

Catorci A, Ottaviani G, Kosi¢ IV, Cesaretti S. 2012. Effect of spatial and temporal
patterns of stress and disturbance intensities in a sub-Mediterranean
grassland. Plant Biosystems. 146(2):352-367.

Coiffait-Gombault C, Buisson E, Dutoit T. 2012. Are old Mediterranean
grasslands resilient to human disturbances? Acta Oecol. 43:86-94.

Colomb E, Roux RM. 1978. La Crau, données nouvelles et interprétations.
Géologie Méditerranéenne. 5:303-324.

Devaux JP, Archiloque A, Borel L, Bourrelly M, Louis-Alluel J. 1983. Notice
de la carte phytoécologique de la Crau (Bouches-du-Rhéne). Biologie-
Ecologie Méditerranéenne. 10:5-54.

Diaz S, Lavorel S, Mcintyre S, Falczuk V, Casanoves F, Milchunas DG, Skarpe
C, Rusch G, Sternberg M, Noy-Meir IM, et al. 2007. Plant trait responses to
grazing - A global synthesis. Global Change Biol. 13(2):313-341.

Diaz-Villa MD, Mararién T, Arroyo J, Garrido B. 2003. Soil seed bank and
floristic diversity in a forest-grassland mosaic in southern Spain. J Veg Sci.
14(5):701-709.

Donelan M, Thompson K. 1980. Distribution of buried viable seeds along a
successional series. Biol Conserv. 17(4):297-311.



Dutoit T, Alard D. 1995. Permanent seed banks in chalk grassland under
various management regimes: their role in the restoration of species-rich
plant communities. Biodivers Conserv. 4(9):939-950.

Dutoit T, Buisson E, Fadda S, Henry F, Coiffait-Gombault C, Jaunatre R,
Alignan JF, Masson S, Bulot A. 2013. The pseudo-steppe of La Crau (South-
Eastern France): origin, management and restoration of a Mediterranean
rangeland. In: Traba J, Morales M, editors. Steppe ecosystems: biological
diversity, management and restoration. 2nd ed. Hauppauge (NY): Nova
Publishers; p. 287-301.

Dutoit T, Henry F, Saatkamp A. 2008. Distribution de la végétation dans une
interface forét-terre de parcours: réle du paturage ovin. Revue Forestiére
Francaise.

Dutoit T, Jaunatre R, Buisson E. 2013. Mediterranean steppe restoration in
France. In: Clewel A, Aronson J, editors. Ecological restoration: principles,
values, and structure of an emerging profession. 2nd ed. Washington
(DCQ): Island Press; p. 60-64.

Fadda S, Orgeas J, Ponel P, Buisson E, Torre F, Dutoit T. 2007. Past cultivation
is a factor driving organization of dry grassland ground-active beetle
communities. Environ Conserv. 34(2):132-139.

Finncioglu HK, Seefeldt SS, Sahin B. 2007. The effects of long-term grazing
exclosures on range plants in the Central Anatolian Region of Turkey.
Environ Manage. 39:326-337.

Forey E, Dutoit T. 2012. Vegetation, soils and seed banks of limestone
grasslands are still impacted by former cultivation one century after
abandonment. Commun Ecol. 13(2):194-202.

Giarrizzo E, Burrascano S, Chiti T, de Bello F, Leps J, Zavattero L, et al. 2017.
Re-visiting historical semi-natural grasslands in the Apennines to assess
patterns of changes in species composition and functional traits. Appl
Veg Sci. 20(2):247-258. doi:10.1111/avsc.12288.

Henry F, Talon B, Dutoit T. 2010. The age and history of the French
Mediterranean steppe revisited by soil wood charcoal analysis. The
Holocene. 20(1): 25-34.

Henwood WD. 1998. An overview of protected areas in the temperate
grasslands biome. Parks. 8:3-8.

Jaunatre R, Buisson E, Dutoit T. 2014. Topsoil removal improves various
restoration treatments of a Mediterranean steppe (La Crau, southeast
France). Appl Veg Sci. 17(2):236-245.

Jauzein P. 1995. Flore des champs cultivés. Paris: INRA; p. 1-898.

Kahmen S, Poschlod P. 2004. Plant functional trait responses to grassland
succession over 25 years. JVeg Sci. 15(1):21-32.

Legendre P, Legendre L. 1998. Numerical ecology.Vol. 2. Amsterdam: Elsevier.

Loisel R, Gomila H, Rolando C. 1990. Déterminisme écologique de la diversité
des pelouses dans la plaine de la Crau (France méridionale). Ecologia
Mediterranea. 16:255-267.

Loydi A, Lohse K, Otte A, Donath TW, Eckstein RL. 2014. Distribution and
effects of tree |eaf litter on vegetation composition and biomassin a forest—
grassland ecotone. J Plant Ecol. 7(3):264-275. doi:10.1093/jpe/rtt027.

Martin-Queller E, Albert CH, Dumas P-J, Saatkamp A. 2017. Islands, mainland,
and terrestrial fragments: How isolation shapes plant diversity. Ecol Evol.
7(17):6904-6917 (online early doi:10.1002/ece3.3150.

Masip AC. 1991. Le peuplement végétal de la réserve de Peau de Meau.
Données pour la gestion [Thése de doctorat]. Barcelone: Université de
Barcelone.

Mesléard F, Mauchamp A, Pineau O, Dutoit T. 2011. Rabbits are more
effective than cattle for limiting shrub colonization in Mediterranean
xero-halophytic meadows. Ecoscience. 18(1):37-41.

Metzner K, Gachet S, Rocarpin P, Saatkamp A. 2017. Seed bank, seed size and
dispersal in moisture gradients of temporary pools in Southern France.
Basic Appl Ecol. 21:13-22. doi:10.1016/j.baae.2017.06.003.

Milchunas DG, Noy-Meir I. 2002. Grazing refuges, external avoidance of
herbivory and plant diversity. Oikos 99(1):113-130.

Moinardeau C, Mesléard F, Dutoit T. 2016. Using different grazing practices
for increasing plant biodiversity in the dykes and embankments along
the Rhéne River (Southern France). Environ Manage. 58(6):984-997.

Molénat G, Hubert D, Lapeyronie P, Gouy J. 1998. Utilisation de la végétation
du coussoul par le troupeau ovin. Patrimoine naturel et pratiques
pastorales en Crau, CEEP, Saint-Martin-de-Crau; p. 46-54.

Molinier R, Tallon G. 1950. La végétation de la Crau. Revue Générale de
Botanique. 56:1-111.

Molliex S, Siame LL, Bourlés 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. doi:10.1016/j.geomorph.2013.04.025.

Montalvo J, Casado MA, Levassor C, Pineda FD. 1993. Species diversity
patternsin Mediterranean grasslands. J Veg Sci. 4(2):213-222.

Muller S, Dutoit T, Alard D, Grevilliot F. 1998. Restoration and rehabilitation
of species-rich grassland ecosystems in France: a review. Restor Ecol.
6(1):94-101.

Oksanen J, Kindt R, Legendre P, O’Hara B, Simpson GL, Solymos P, et al. 2007.
Vegan: community ecology package. R Package Version 22.

Ortega M, Levassor C, Peco B. 1997. Seasonal dynamics of Mediterranean
pasture seed banks along environmental gradients. J Biogeogr.
24(2):177-195.

Peco B, de Pablos I, Traba J, Levassor C. 2005. The effect of grazing
abandonment on species composition and functional traits: the case of
dehesa grasslands. Basic Appl Ecol. 6(2):175-183.

Peco B, Ortega M, Levassor C. 1998. Similarity between seed bank and
vegetation in Mediterranean grassland: a predictive model. J Veg Sci.
9(6):815-828.

Peco B, Sanchez AM, Azcarate FM. 2006. Abandonment in grazing systems:
consequences for vegetation and soil. Agric, Ecosyst Environ. 113(1-
4):284-294.

Pei S, Fu H,Wan C. 2008. Changes in soil properties and vegetation following
exclosure and grazing in degraded Alxa desert steppe of Inner Mongolia,
China. Agric, Ecosyst Environ. 124(1-2):33-39.

Pilard P, Brun L. 2001. Guide de gestion des milieux en faveur du Faucon
crécerellette de la plaine de Crau. Saint-Martin de Crau: Ligue pour la
Protection des Oiseaux.

Pinheiro J, Bates D, DebRoy S, Sarkar D. 2009. nlme: linear and nonlinear
mixed effects models. R Package Version. 3:1-96.

Poschlod P, Abedi M, Bartelheimer M, Drobnik J, Rosbakh S, Saatkamp A.
2013. Seed ecology and assembly rules in plant communities. Vegetation
Ecology. 2nd ed. Chichester: Wiley-Blackwell.

Puerto A, Rico M. 1992. Spatial variability on slopes of Mediterranean
grasslands: structural discontinuities in strongly contrasting topographic
gradients. Plant Ecol. 98(1):23-31.

PueyoY, Alados CL, Ferrer-Benimeli C. 2006.Isthe analysis of plant community
structure better than common species-diversity indices for assessing the
effects of livestock grazing on a Mediterranean arid ecosystem? J Arid
Environ 64(4):698-712.

Quézel P, Médail F. 2003. Ecologie et biogéographie des foréts du bassin
méditerranéen. Paris: Elsevier.

Rémermann C, Dutoit T, Poschlod P, Buisson E. 2005. Influence of former
cultivation on the unique Mediterranean steppe of France and
consequences for conservation management. Biol Conserv 121(1):21-33.

Saatkamp A, Affre L, Dutoit T, Poschlod P. 2011. Germination traits explain
soil seed persistence across species: the case of Mediterranean annual
plants in cereal fields. Ann Bot 107(3):415-426.

Saatkamp A, Poschlod P, Venable DL. 2014. The functional role of soil seed
banks in natural communities. In: Gallagher RS, Seeds - the ecology of
regeneration in plant communities. Wallingford: CABI; p. 263-294.

Saatkamp A, Romermann C, Dutoit T. 2010. Plant functional traits show non-
linear response to grazing. Folia Geobotanica. 45(3):239-252.

Skornik S, Vidrih M, Kaligari¢ M. 2010. The effect of grazing pressure on
species richness, composition and productivity in North Adriatic Karst
pastures. Plant Biosystems. 144(2):355-364.

Sokal RS, Rohlf FJ. 1995. Biometry. Vol. 3. New York (NY): Freeman.

Ter Heerdt GNJ, Schutter A, Bakker JP. 1999. The effect of water supply on
seed-bank analysis using the seedling-emergence method. Funct Ecol
13(3):428-430.

Thompson K, Bakker JP, Bekker RM. 1997. The soil seed banks of North West
Europe: methodology, density and longevity. Cambridge: Cambridge
University Press.

Turnbull LA, Crawley MJ, Rees M. 2000. Are plant populations seed-limited?
A review of seed sowing experiments. Oikos 88(2):225-238.

Vera FWM. 2000. Grazing ecology and forest history. Wallingford: CABI.

Walck JL, Baskin JM, Baskin CC, Hidayati SN. 2005. Defining transient and
persistent seed banks in species with pronounced seasonal dormancy
and germination patterns. Seed Sci Res. 15(3):189-196.



Wieren SE. 1995.The potential role of large herbivores in nature conservation lands of Australia interpreted from long-term grazing exclosures. Agric,
and extensive land use in Europe. Biol J Linn Soc. 56:11-23. Ecosyst Environ. 141(1-2):108-118.

Witt GB, Noél MV, Bird MI, Beeton RB, Menzies NW. 2011. Carbon Yeo JJ.2005. Effects of grazing exclusion on rangeland vegetation and soils,
sequestration and biodiversity restoration potential of semi-arid mulga East Central Idaho. West N Am Nat. 91-102.





