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ARTICLE INFO ABSTRACT

Keywords: The urgent need to preserve ecosystems over vast areas has placed rewilding with wild herbivores to the fore-
Conservation management front. However, there are still few scientific experimental field studies dealing with its effects on biodiversity and
Rewilding

ecosystem services. Since 1993, in France, a socially natural population of wild horses (Equus ferus przewalskii)
has been managed for its conservation. This introduction is an opportunity to compare this new management
system with the multi-secular extensive sheep breeding and the more recent conventional domestic horse
breeding. We sought to discover if plant communities show differences depending on the grazers and the
managing system. We surveyed 208 plots divided into six grazed sites (two sites per type of grazer), where all
plants species and their percent cover were listed within 1m?, and environmental variables — such as stones
percent cover, slope - were measured within 100m?. To focus on the grazer effects, we used a subsample of plots
with similar environmental variables. To study the grazing system - management choices - effects, we ran the
analyses using all the plots. At both scales, our results show that species richness, evenness and heterogeneity are
significantly higher with wild horses than with sheep grazing. Intermediate value is measured for evenness
concerning domestic horses at the grazing system scale. Species richness is significantly higher for domestic
horses than sheep focusing on the grazer; intermediate values are measured for evenness and heterogeneity. At
both scales, wild horses also favour dicots rather than monocots. Our results indicate that grazing by horses
maintains and promotes grassland diversity, especially when horses are managed ‘as wild’ - allowing them to
express their natural behaviour. However, further studies are needed focusing on populations of patrimonial
plant species over time, other taxonomical groups and/or on functional diversity and ecosystem services to
compare and test more finely the effects of an animal bred extensively and ‘as wild’.

Naturalistic grazing

Przewalski horses

Domestic horses and sheep grazing
Plant community

1. Introduction

The urgent need to preserve and restore ecosystems over vast areas
(UN, 2019) has placed rewilding to the forefront for the last decade
(Pettorelli et al., 2019). Trophic rewilding (Svenning et al., 2016) is
increasingly applied along with conservation and restoration efforts. It is
seen as a promising opportunity to restore grasslands (Saavedra et al.,
2023), which are important ecosystems worldwide (White et al., 2000)
but one of the most threatened (Bond, 2021; Petermann and Buzhdygan,
2021). Natural and semi-natural grassland formation is due to the
combination of environmental factors (such as regular fires, climate,
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altitude) including grazing whether by wild or domestic herbivores
(Bond, 2021; Hejcman et al., 2013; Weigl and Knowles, 2014). In
Europe, semi-natural grasslands — which are mostly managed semi-
natural ecosystems dominated by grasses (Allen et al., 2011) - are an
essential part of the cultural landscape, shaped by centuries or millennia
of low-intensity land uses (Blondel, 2006; Dengler et al., 2014; Hejcman
et al., 2013). Since the 1960s, conservation management of threatened
semi-natural grasslands in Europe has mostly been done by reinstating,
imitating or subsidizing practices, such as mowing, cutting sods, rota-
tional grazing with domestic herds, coppicing and burning (Johansen
et al., 2019; Van Wieren, 1995). For decades, grazing by livestock has
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been demonstrated to be an adequate management strategy for main-
taining and promoting the biodiversity of semi-natural grasslands
(Fraser et al., 2022; Isselstein et al., 2005; Olff and Ritchie, 1998; Rook
et al., 2004; Talle et al., 2016; Van Wieren, 1995; Wrage et al., 2011).
However, it is not always possible to maintain such traditional practices
because of socio-economical changes (e.g., different management and/
or grazers (Schmitz and Isselstein, 2020)). In such cases, rewilding can
be a complementary (Mutillod et al., in press) and conceivable (Ceausu
et al., 2015) strategy for conservation and restoration efforts in Europe.
It aims to restore biodiversity and ecosystem processes notably using
keystone species or ecosystem engineers - such as large herbivores - and
reducing human control (Carver et al., 2021). The concept is based on
the assumption that, before anthropogenic uses, landscapes were shaped
by large-bodied fauna - also called megafauna - that disappeared
because of human activities (hunting, habitat transformation) during
the Pleistocene (Owen-Smith, 1989, 1987, 1988). Megaherbivores (au-
roch, bison, horses and megaceros) shaped vegetation assemblages and
heterogeneity, opening the landscape (Bakker et al., 2016; Doughty
et al.,, 2016; Smith et al., 2023) even in Europe (Vera, 2000; Vera et al.,
2006). Grazing by large herbivorous mammals is a key process shaping
plant communities and habitat conditions, which themselves have
directly or indirectly affected other organisms for millennia (Bakker
et al., 2016; Galetti et al., 2018; Malhi et al., 2016), through foraging,
trampling, plant dispersal and effects on nutrient cycling (Forbes et al.,
2019; Hobbs, 1996; van Klink et al., 2015).

General theories about grazing effects on plant communities involve
the reduction of competitive dominant plants leading to an increase in
the species richness of subordinate taxa, the selection of preferred spe-
cies conducting to their own decrease, and is assumed to favour seed
dispersal when grazing pressure is intermediate (Couvreur et al., 2004;
Olff and Ritchie, 1998). Evaluating grazing effects on grassland plant
biodiversity is important for biodiversity management (Van Wieren and
Bakker, 1998). The effects of domestic herds on plant communities have
been well documented, showing their conservation potential at medium
stocking rates notably when compared to non-grazed areas or other
practices (e.g., mowing) (Olff and Ritchie, 1998; Stahlheber and
D'Antonio, 2013; Talle et al., 2016). However, the consequences of
grazing vary with soils, regions, grazing regimes and type of grazers
(Matches, 1992; Stahlheber and D'Antonio, 2013). Divergent effects on
plant communities according to the type of grazers have been measured
for domestic (Catorci et al., 2012; Nugent et al., 2022) and wild animals
(van der Plas et al., 2016), and can be linked to grazer feeding, foraging
strategies and dietary preferences, body size, social system and grazing
system management leading to a selective pressure on plant species
(Arnold, 1984; Grant et al., 1985). However, there are still few scientific
experimental field results about the effects of large wild herbivores (re)
introduced into ecosystems for conservation or restoration purposes
(Svenning, 2020; Svenning et al., 2016) and even fewer comparing the
effects of domestic and wild grazers with only a few examples in the
African savannah, American's great plains and European grasslands
(Allred et al., 2011; Kohl et al., 2013; Rupprecht et al., 2022; Veblen
et al., 2016; Veblen and Young, 2010).

This study sought to assess how new management strategies
involving domestic or wild horses are affecting plant communities in
comparison with traditional management with sheep. In the southern
plateaus of the Massif Central in France, sheep have been extensively
bred for meat for centuries (Lepart et al., 2000; Marty et al., 2003).
However, for a few decades, new grazers have appeared: i) domestic
horses extensively bred for sport competitions (long distance races) and
ii) horses managed as wild (Equus ferus przewalskii) (called takhi here-
inafter, the Mongolian name for these horses (Van Dierendonck and
Wallis de Vries, 1996)) for species and habitat conservation purposes —
that could be referred to as rewilding. It seemed important to compare
grasslands under the three types of grazing systems and better under-
stand the possible differences induced by the use of wild animals versus
domestic herds to conserve and/or restore semi-natural ecosystems.
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Since using different grazers also implies differences in the way farm-
lands are managed (e.g., when sheep or domestic horses are bred,
farmers often cultivate cereals in small depressions, while this is not the
case in rewilding projects), we studied the effects of i) grazers and ii)
global grazing systems — comprising all choices made in the manage-
ment strategy -, on the vegetation. The questions we investigated are:
are there differences between plant community composition, plant di-
versity and spatial heterogeneity in areas (i) under these three types of
grazing systems — i.e., taking management into consideration - and (ii)
grazed by the three types of herbivores? (iii) Is the use of wild horses
instead of domestic herds promoting grassland plant biodiversity (e.g.,
higher species richness, evenness and vegetation heterogeneity)? Ac-
cording to the literature, we expect differences in plant community
composition, species-richness and evenness between the types of grazers
and grazing systems because i) sheep and horses do not have the same
diet nor the same foraging behaviour (Arnold, 1984; Duncan, 1991;
Fleurance et al., 2011; Rutter, 2010, 2006) and ii) when horses are
managed ‘as wild’ their impact on vegetation could be different to their
domestic counterpart. They could use the space differently because of
the social system (e.g., with several males, different reproductive status)
leading to changes in activity budget (Boyd, 1988), and/or having
different feeding strategies (e.g., eating other plant species for self-
medication as has been shown for other wild animals (Krief, 2011))
which could lead to the creation of richer mosaics of micro habitats.

2. Material and methods
2.1. Study area

The study area is located in the mountainous southeast zone of the
Massif Central (south of France, Fig. 1), specifically on the Causse Méjean.
It is a calcareous plateau located between 800 and 1250 m in altitude
and limited by two canyons, the Tarn and the Jonte rivers characterized
by karst topography, poor, dry soils, and steppe-like grasslands with
cultivated areas located in depressions (Marty et al., 2003). Seasons
alternate between cold wet winters and hot dry summers, resulting from
the influence of a mixed continental - Mediterranean climate (Caplat
et al., 2006). The mean minimum temperature is 3 °C and occurs in
January, the mean maximum is in July with 23 °C (Fonderflick et al.,
2010b), annual temperatures can be very contrasted (with extremes:
—17.5 °C recorded in January 1985, 38 °C recorded in August in 2003,
(Mairie de Hures-la-Parade: station Millau - Soulobres)). Annual pre-
cipitations vary from 900 mm to 1200 mm (Fonderflick et al., 2010a).
The Causse Méjean has a long history of human land use — based on
livestock farming, fires, wood harvesting and cereal cropping (Robin
et al., 2018). The combination of these uses and the specific climate and
soil conditions have generated a steppe-like environment — except where
forestry takes place - (Lepart et al., 2000) with a high biological diversity
(O'Rourke, 1999). Indeed, the flora is marked by a high rate of ende-
mism and by the presence of species with steppe origin (Tison et al.,
2014). This grassland is part of the Mediterraneo-montane steppes
EUNIS habitat type (code E1.51, European Environment Agency, 2019).
Mediterraneo-montane steppes are formally described as « sparse or
discontinuous xerophile grasslands of Stipa pennata, Festuca auquieri
(Festuca duriuscula), Festuca hervieri, Koeleria vallesiana or Sesleria albi-
cans var. elegantissima with Helianthemum apenninum, Helianthemum
canum, Genista spp., Globularia spp., Ononis striata, Euphorbia seguierana,
Potentilla crantzii, Thymus dolomiticus, Plantago argentea, Rosa pimpi-
nellifolia, Dianthus sylvestris, Lavandula angustifolia, Aster alpinus,
Anthyllis spp., Carex humilis, best developed in the Causses, but also
present locally in Provence and Languedoc, from the Alps to Catalonia
(European Environment Agency, 2019)».

This territory is partially included in the Parc National des Cévennes
(Cévennes National Park) and labelled as a UNESCO world heritage site,
and contains NATURA 2000 habitats with continental biological value
(European Environment Agency, 2002). The national park was created
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Fig. 1. Location of the studied sites in the Parc National des Cévennes (South of France) with the different seasonal pastures grazed by sheep (blue), takhi (E. ferus
przewalskii; green) and domestic horses (yellow). Black squares show vegetation inventory plots. Drop-shapes show watering places. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

in 1970 in order to monitor this territory, support sustainable develop-
ment, and welcome and educate the public.

2.2. Studied sites

The six sites selected for this study (Fig. 1) are located in the eastern
part of the Causse Méjean plateau, with elevation ranging from 968 to
1196 m. They are located within the Parc National des Cévennes and have
presented a similar grazing history for centuries: sheep breeding for
meat (Osty et al., 1994). Grazing pressures in the studied sites have been
similar over the past few years and are very similar between the three
types of studied grazers, ranging from 0.048 to 0.062 LU/ha/year
(Table 1).

Two sites grazed by domestic sheep (Ovis aries Linnaeus, 1758) were
studied, characterising different breeding conditions on the Causse
Méjean (Fig. 1). The first one has been grazed in summer and autumn for
>50 years, as soon as the weather conditions are suitable - no extreme
temperatures and no excessive snow cover; animals are driven to the
grazing area by the sheep farmer with the help of dogs, and during the
grazing time sheep are left alone, being driven back to shelter at night.
The second site is grazed in spring and summer: since 2018 the animals
do not return to the sheepfold during the grazing season (except for the
first and last few days when nights are too cold) and are not herded by
shepherds but guarded by dogs. Before 2018, animals were sheltered at

night. We also chose these two sites because they were located close to
horse-grazed areas - domestic and wild, and present similar environ-
mental characteristics. In 1994, eleven takhi (Equus ferus przewalskii
Poliakov 1881) - originating from eight European zoos (United
Kingdom, Germany, France) were introduced into a 288 ha site (Saidi
and Mende, 1999; Tatin et al., 2009). The initial goal of the semi-free
ranging management (i.e., animals roaming freely in a closed area
without interference in their natural behaviour) of the takhi was to allow
them (i) to rediscover and express their natural behaviour in a natural
environment with similar climate conditions to their original distribu-
tion area (Asian steppes), and (ii) to recreate social groups before
translocating them to Mongolia (King, 2005; Roche and Tatin, 2021;
Tatin et al., 2009; Turghan et al., 2022; Zimmermann, 2005). The sec-
ond goal was to maintain the steppe-like open habitat (Zimmermann,
2005) after a period of significant agricultural abandonment and mod-
ifications in land use practices, leading to natural shrub encroachment in
several areas of the Causse Méjean (Caplat et al., 2006; Marty et al.,
2003). At the time of the study, 35 takhi roamed semi-freely in two
connected sites, one of 217 ha being grazed in spring and summer, the
other (171 ha) grazed in autumn and winter. Movement from one
enclosure to the other is a part of the land management strategy made
mandatory by the municipality. Takhi are not led by humans here but
rather their movement is induced by attracting them with salt licks and
water point management (there is no direct human-horse interaction).

Table 1
Grazing pressure on the six studied enclosures and the number of vegetation plots surveyed in 2022.
Animal Grazing season (from entry to exit) Total area Sampled area Number of Livestock Effective grazing LU/ha/ Number of
(ha) (ha) animals Unit (days) year” plots
May-December 412.8 136 386 57.9 165 0.061 30
Sheep July-November (unless snow or
excessive heat). 700 266.7 570 85.5 70 0.062 55
Domestic November-March 77.7 77.7 15 11.7 150 0.062 16
horses June-November 80.7 80.7 12 9.36 165 0.052 18
Takhi November - Mid-May 170.7 170.7 35 19.25 167.5 0.052 40
Mid-May - November 217.2 217.2 35 19.25 197.5 0.048 49

2 Sheep = 0.15 Livestock Unit; Domestic horses = 0.78 LU; Takhi = 0.55 LU.
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Due to the species conservation status, habitat management objectives
and the way takhi are managed (see Roche and Tatin, 2021 for details),
especially non-intervention on mate choice, we considered takhi here as
being wild managed, which is a similar concept to rewilding.

Finally, domestic horses (Equus ferus caballus Linnaeus, 1758) have
been extensively bred for endurance races on the selected farm on the
Causse Méjean since 2008. From 2008 to 2018, sites were grazed by
sheep and horses, and then, by horses only. Two enclosures were
selected: one being used in spring and summer and the other used in
autumn and winter (Table 1).

Domestic herds (sheep and horses) are managed animals: receiving
sanitary treatments, such as deworming, with breeders forming batches
according to age and often by sex, males and females being kept separate
most of the time, and the animals have close contact with humans. This
is not the case for takhi which follow their natural social system (Tatin
et al.,, 2009) and human interactions are rare, occurring mostly when
social groups are translocated (as was the case in 2004 and 2005 to
Mongolia). Usually, in the case of domestic breeding, land depressions
are cultivated with cereal crops or are grasslands reaped for hay pro-
duction or intensively grazed.

2.3. Sampling design

Systematic random sampling was conducted in 2022 on the six sites
(Fig. 1). It consisted of a set of plots located 200 m apart to avoid any
spatial autocorrelation effect, totalling 208 plots. A grid was randomly
arranged to place the plots on each site. The number of plots is pro-
portional to the site size in order to encompass the studied area het-
erogeneity (see Table 1 for repartition in enclosure). A plot consisted of a
1m? quadrat in which we carried out a floristic inventory and a
concentric 100m? (5.6 m radius) circle where we measured environ-
mental parameters.

2.4. Floristic inventories and environmental parameters

Percent covers of each species were surveyed in the 208 x 1 m?
quadrats in spring (from the end of May until the end of June) at the
peak of the flowering season. We used two flora for plant determination
(Bernard, 2009; Tison et al., 2014) and we used the most recent tax-
onomy of Gargominy and collaborators (Gargominy et al., 2021). In the
1m? quadrat, we also measured soil depth at three randomly chosen
points with a rebar. Around each quadrat, the 100m? circle was used to
estimate the percent cover of: rocks, blocks i.e., @ > 25 cm, stones i.e., @
< 25 cm, the percent cover of bare ground and vegetation in the various
layers (tree height (h) > 2 m; shrub 2 m > h > 0.5 m; herbaceous h < 0.5
m). We also estimated the percent cover of small walls and rock piles,
remnants of the land use history on the Causse Méjean, as rocks and
stones were piled to clear the ground to cultivate or improve pasture
quality (Marty et al., 2003). We visually estimated the grazing pressure
on each plot, attributing one of the five categories of the utilisation rate
of the herbaceous stratum (0 being the lowest utilisation rate — i.e., no
sign of grazing - and 5 the most grazed; Ruiz-Mirazo et al., 2011). For
each 100 m? circle, we extracted the mean slope, exposure and altitude
from a digital terrain model (1 m precision) available from the French
National Geographical Institute (Institut National de ['Information
Geéographique et Forestiere, 2022). The exposure values are subdivided
into two between cos and sin, with sin = 1 indicating the north and cos
= 1 indicating the east. We obtained information about lithology from
the Parc National des Cévennes and assigned each plot to one of three
categories: dolostone, limestone or alluvion/colluvium.

2.5. Statistical analysis
All the statistical analyses were run on R (R Core Team, 2022). In all

the following analyses, except for the utilisation rate and the exposure,
environmental data were log transformed (y' = log(y + 1)) to avoid large
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differences in scale between the original data, similar to what was done
in a previous study (Anderson and Willis, 2003).

2.5.1. Effect of grazing systems on plant communities

To explore the relationship between the composition of plant com-
munities and the type of grazing systems, we studied the 208 sampled
plots. First, we performed two Canonical Analyses of Principal co-
ordinates (CAP) which are constrained analyses. We carried out these
CAP based on Bray-Curtis dissimilarities calculated from square-rooted
transformed species abundances. To evaluate the effect of the environ-
mental parameters without the grazing systems effects, the first CAP
(CAP-A) was run with environmental variables as the constraint and
grazing systems as conditions. We then carried out a Principal Compo-
nent Analysis (PCA) on the environmental parameters (see Supple-
mentary material Fig. 1A & B). The three first axes of the PCA previously
carried out, explaining respectively 17.6 %, 11 % and 10.3 % of the
variability, were put as conditions in the second CAP (CAP—B) (with
grazing systems as constraints) to explore the effects of the grazing
system without the effects of environmental parameters. The constraints
of the CAP were the values of the utilisation rate of the herbaceous
stratum for each Grazing System (Sheep-GS, Domestic Horse-GS and
Takhi-GS). We also categorised the grazing season (0 = Autumn/Winter,
1 = Summer/Autumn and 2 = Spring/Summer), and ran a CAP in order
to verify its effect on plant communities. We consider the choice of the
grazing season as being part of the grazing system. We performed Anova
by terms with 999 permutations on the CAP model to obtain statistical
information for each constraint variable.

We calculated diversity indices (Vegan package): species richness
such as the average number of species per quadrat, the Pielou evenness
index and heterogeneity using Bray-Curtis within each grazing system.
To compare indices between grazing systems, we ran a Generalized
Linear Model (GLM) followed by a Tukey post-hoc test five times with a
random draw of sub-samples in order to obtain the same number of plots
between groups (n = 34 plots). Random draws were done except for the
heterogeneity, because we considered the size of the enclosure as being
part of the management strategy. Poisson family was used for richness
values, quasibinomial was used for both Pielou and Bray-Curtis values.
Finally, we used the IndVal method (Indicspecies package) (Dufrene and
Legendre, 1997) to identify the most characteristic species depending on
the grazing animal. Following Legendre & Legendre 1998 in (Sawchik
et al., 2005), we removed rare species from the analysis (< 1 % of the
total number recorded). We considered species having IndVal values
>70 % as characteristic species of the assemblages because they showed
strong habitat specificity and fidelity (McGeoch et al., 2002; Sawchik
et al., 2005).

Using flora (Tison et al., 2014), we differentiated monocotyledons
and dicotyledons species and calculated their mean cover percent using
the total cover of dicotyledons or monocotyledons divided by the total
vegetation cover multiplied by 100 for each plot. In order to know if
grazing systems have an effect on these frequencies, we ran a GLM using
the quasibinomial family with frequencies (monocots and dicotyledons)
explained by the grazing systems and followed by a Tukey post-hoc test.

2.5.2. Effect of grazers on plant communities

To evaluate grazer effects on plant communities (without the effect
of management, such as the choice whether to cultivate land depressions
or not — i.e., the grazing system - and, without the natural environ-
mental variations — e.g., soil), we studied the plots with similar envi-
ronmental variables. To do so, we ran the following analyses. First, we
ran a k-means cluster analysis using the environmental parameters,
which resulted in a five-cluster solution. To decide the optimal number
of clusters, we tested two-, three-, four-, five- and six-cluster models with
SAS FASTCLUS procedure (SAS Institute Inc., 2014). We looked at the
Pseudo F statistic, the approximate expected overall R-squared and the
cubic clustering criterion - solutions with the highest pseudo F statistic
and cubic clustering values are usually considered the best (Milligan and
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Cooper, 1985). We choose the five-cluster solution, which was empiri-
cally and theoretically reasonable. Within this solution, we selected the
third group (hereinafter called Cluster 3) because it was the most rep-
resented and homogeneous habitat among the grazed sites (sheep: n =
45; takhi: n = 34; domestic horses: n = 18; total n = 97). To compare
plant communities between grazers, we ran a Non-metrical Multidi-
mensional Scaling (NMDS) - based on the Bray—Curtis distances of
vegetation composition - followed by an Adonis test and pairwise test,
using the Vegan package and the Adonis function. We calculated species
richness, the Pielou index and the Bray-Curtis heterogeneity using the
same method as previously explained with grazers as an explanatory
variable. We ran a GLM as explained in the previous part and a post-hoc
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Tukey tests 5 times with a random draw of 18 plots (n = 18). We finally
calculated the IndVal for each group and the potential effects of the
grazers on monocots and dicotyledons cover frequencies.

3. Results
3.1. Plant community composition and bioindicator species

The first CAP (CAP-A), (Fig. 2A) gives a better understanding of the
role of local ecological conditions, with some variables having signifi-

cant effects on plant assemblages (Table 2), such as rock, stones, bare
soil and shrub cover, altitude, slope, exposure and lithology. The second
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Table 2
Summary of the results of Canonical Analysis of Principal coordinates (CAP).
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CAP model Proportion Proportion Variables Anova perm test n = 999
(constraint) (condition) F p-Value®
CAP-A 0.11834 0.04844 Rock 2.5023 0.002%*
Species ~ environmental variables + Conditions (Takhi-GS + Horse-GS + Block 1.0546 0.342
Sheep-GS) Stones 2.2818 0.002%*
Bare soil 1.8800 0.010%**
Low wall 1.1444 0.234
Stone piles 1.1694
Soil depth 1.2916
Altitude 3.1976
Slope 3.2439
Exposition-Cos 1.1276
Exposition-Sin 0.9469
Shrub 2.0575
Arborescent 1.1309
Calcareous/ 1.8303
Dolostone 1.5267
Alluvion &
Colluvium
CAP-B 0.04871 0.03450 Takhi-GS 5.2507
Species ~ Takhi-GS + Horse-GS + Sheep-GS + Conditions (Axis1_PCA + Horse-GS 2.9597
Axis2 PCA + Axis3_PCA) Sheep-GS 2.4679 0.001***

2 p-Value (*: p<0.05, **: p<0.01, ***: p<0.001)

CAP (CAP—B) evaluates the effect of the grazing system (Table 2) with
4.9 % of the total variation explained by the grazers (see Supplementary
material Table S1 for the net effects of grazers and net effects of the ACP

axis). On this analysis (CAP—B) (Fig. 2B), the first axis separates the
plant assemblages into two groups, with plots from the Sheep-GS and the
Domestic Horse-GS on one side, and the plots from the Takhi-GS on the
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Fig. 3. Non-metrical multidimensional scaling (NMDS) of plant community composition of sites grazed by different animals from cluster 3 (Sheep in blue, n = 45;
Domestic Horse in yellow, n = 18; Takhi in green, n = 34). Ellipse lines represent the standard deviation with 80 % confidence interval.

Stress = 0.247; Non-metric fit, R> = 0.939; Linear fit, R = 0.680.
Associated Adonis pairwise test: Sheep vs Domestic Horse: F.model = 2.149, R? =

adjusted p-value = 0.003*; Domestic Horse vs Takhi: F.model = 5.172, R? = 0.094,

figure legend, the reader is referred to the web version of this article.)

0.034, adjusted p-value = 0.090; Sheep vs Takhi: F.model = 6.550, R? = 0.078,
adjusted p-value = 0.003*. (For interpretation of the references to colour in this
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other. The second axis separates horse (domestic and wild) plots from
sheep-grazed plots. The effect of the grazing season was measured at 1
%.

When we focus on the effects of the grazers on cluster 3, the ellipse
comprising plant species growing in the site grazed by each type of
grazers is partly superposed in the plane formed by axes 1 and 2 of the
NMDS indicating that the three grazers share relatively similar plant
community compositions (Fig. 3). Nevertheless, the community growing
under takhi-grazing is significantly different from those grazed by sheep
or by domestic horses (sheep vs takhi: F.Model = 6.550, P = 0.003%;
domestic horses vs takhi: F.Model = 5.172, P = 0.003*). No significant
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differences were identified between domestic horses and sheep (F.
Model = 2.149, P = 0.090). Species, such as Aster alpinus, Euphorbia
duvalii, Inula montana, Leucanthemum graminifolium, Phyteuma orbiculare,
Thesium divaricatum, characterize - by their higher frequency - the plant
community of the takhi-grazed sites. Bromopsis erecta, Bupleurum bal-
dense, Cerastium pumilum, Festuca marginata, Sherardia arvensis, Teucrium
rouyanum, characterize more the plant communities in the sheep and
domestic horse grazed sites.

Concerning the grazing systems, Rhinanthus pumilus (sqrtIV = 0.728)
and Potentilla verna + Rhinanthus pumilus (sqrtlV = 0.704) are charac-
teristic species for Takhi-GS. Bromopsis erecta (sqrtlV = 0.736) is the
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Fig. 4. Boxplots of species richness, the Pielou Index and the Bray-Curtis heterogeneity depending on the grazer respectively at the global scale (A, B and C: Domestic
Horse n = 34, Sheep n = 85, Takhi n = 89) and on a cluster of plots (cluster 3) characterized by the stone cover (D, E and F: Domestic Horse n = 18, Sheep n = 45,
Takhi n = 34). Letters (a,b,c) associated for species richness and the Pielou index are relative to statistical tests made on n = 34 plots at the system level and n = 18
plots at the cluster level randomly drawn for Sheep- and Takhi-grazed sites and run five times while Bray-Curtis, tests were run with all the plots for the system level
and all the plots comprised in cluster 3. Black empty diamonds represent mean values per groups of plots. Black lines represent median values per groups of plots.
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bioindicator of the Sheep-GS. Teucrium rouyanum is the second species in
the list but with IndVal <70 % (sqrtIV = 0.609). No species with IndVal
>70 % are given for Domestic Horse-GS. The first line result is Bromopsis
erecta + Bupleurum baldense + Festuca marginata + Helictochloa pratensis
(sqrtIV = 0.573).

Concerning the effect of grazers (cluster 3), species showing IndVal
values >70 % are Linum suffruticosum (sqrtlV = 0.745), Rhinanthus
pumilus (sqrtlV = 0.742) and Rhinanthus pumilus + Seseli montanum
(sqrtlV = 0.707) for Takhi-grazed plots. Bromopsis erecta (sqrtlV =
0.750) and Thymus serpyllum (sqrtlV = 0.714) are the characteristic
species for Sheep-grazed plots. We can also consider, Festuca marginata
+ Koeleria valesiana (sqrtIV = 0.692) which have values really close to
70. For Domestic Horse-grazed plots, no species with IndVal >70 % is
given. The results of the two first lines are: Bromopsis erecta + Bupleurum
baldense + Potentilla verna (sqrtIlV = 0.642) and Bromopsis erecta +
Bupleurum baldense + Festuca marginata + Potentilla verna (sqrtlV =
0.636).

3.2. Biodiversity indicators

A total of 171 species was recorded including all the plots and 147
within cluster 3. When analysing the effect of grazing systems, including
all data (Fig. 4A), plant species richness per square-meter (mean =+ SD) is
significantly higher in the Takhi-GS (28.83 + 5.36) than in the Sheep-GS
plots (22.14 + 4.42) (5 random draws of n = 34 each, estimate = 6.128,
p < 0.001) or than in Domestic Horse-GS plots (24.53 + 4.15) (estimate
= 3.988, p < 0.05). No significant difference is identified between Do-
mestic Horse-GS and Sheep-GS plots (estimate = —2.14, p = 0.164).

When analysing the effect of grazers in cluster 3 (Fig. 4D), plant
species richness is still significantly lower in the Sheep-grazed plots
(21.18 + 4.33) (5 random draws of n = 18 each) than in the Takhi-
(27.68 + 4.76, estimate = 6.934, p < 0.001) or Domestic Horse-grazed
(26.44 £ 3.90, estimate = 5.866, p < 0.05) plots. No significant differ-
ence is shown between Domestic Horse-grazed and Takhi-grazed plots
(estimate = 1.065, p = 0.681).

Concerning the Pielou index, significant differences were only found
between Sheep and Takhi both at the grazing system and at the cluster 3
level - i.e., grazers - (respectively n = 34 each, estimate = 0.096, p <
0.05; n = 18 each, estimate = 0.098, p < 0.05) (Fig. 4B & E). No sig-
nificant difference was shown for Sheep-GS vs Domestic Horse-GS (es-
timate = 0.046, p = 0.150) neither for Domestic Horse-GS vs Takhi-GS
(estimate = 0.050, p = 0.093). Average values at the management
level are 0.55 + 0.12 for Sheep-GS, 0.60 + 0.08 for Domestic Horse-GS
and 0.65 + 0.09 for Takhi-GS (Fig. 4B). At the cluster 3 level, values are
0.56 + 0.14 in Sheep-, 0.60 + 0.072 in Domestic Horses- and 0.66 +
0.09 in Takhi-grazed plots (Fig. 4E).

Finally, average values of the Bray-Curtis distances that explore
vegetation heterogeneity between all plots grazed by animals are clearly
different for Domestic Horse-GS vs Takhi-GS (estimate = 0.081, p <
0.001) and Sheep-GS vs Takhi-GS (estimate = 0.065, p < 0.001), and less
obvious for Domestic Horse-GS vs Sheep-GS (estimate = 0.016, p =
0.066). Average values are 0.72 + 0.18 in the Sheep-GS, 0.70 + 0.16 in
the Domestic Horse-GS and 0.78 + 0.14 in the Takhi-GS (Fig. 4C). Clear
differences are only shown between Sheep and Takhi grazed cluster 3
(estimate = 0.032, p < 0.001), but not between Domestic Horse and
Takhi (estimate = 0.025, p = 0.177), nor between Sheep and Domestic
Horse (estimate = —0.006, p = 0.89). Average values in cluster 3 are
0.72 £ 0.17 for Sheep, 0.72 + 0.15 for Domestic Horse and 0.75 + 0.13
for Takhi.

3.3. Percent covers of monocotyledons and dicotyledons

At the grazing system scale, 134 species recorded are dicotyledons
and 37 are monocotyledons. Concerning cluster 3, 119 dicotyledons and
28 monocotyledons were recorded. Clear differences are shown for
percent covers of dicotyledons between Takhi-GS and the domestic
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grazers-GS (Sheep vs Takhi: estimate = 0.160, p < 0.001) and Domestic
horse-GS vs Takhi-GS: estimate = 0.128, p < 0.001) (Fig. 5). The same
results were observed for grazer effects at the cluster 3 level (Sheep vs
Takhi: estimate = 0.174, p < 0.001 and Domestic Horse vs Takhi: esti-
mate = 0.126, p < 0.05).

No significant differences are shown concerning dicotyledons
percent covers both at the grazing system level and the cluster level for
Domestic Horse compared to Sheep (respectively at GS: estimate =
0.0319, p = 0.622 and Cluster 3: estimate = 0.0480, p = 0.591).

4. Discussion

Studying the effects of three different herbivores and their associated
grazing systems on a grassland revealed differences on plant community
composition, diversity and spatial heterogeneity between sheep and
horses (domestic and wild) but also between management types i.e.,
domestic herds vs the wild herd. The management ‘as wild’ of takhi
appears to promote biodiversity with higher species richness and spatial
heterogeneity leading to the creation of the richest mosaic of micro-
habitats, and seems to generate new species frequencies in the plant
community — with a similar pool species of the Mediterraneo-montane
steppes EUNIS habitat type (code E1.51, European Environment
Agency, 2019) - with more dicotyledons and the increased frequency of
a hemiparasitic species (see below Section 4.3).

4.1. Effects of grazers on plant communities

Analysing plant communities grazed by sheep, domestic horses and
takhi (at the level of cluster 3 to avoid environmental variations, both
natural and chosen by managers), we measured differences in plant
communities between domestic animals and takhi, for species richness
(higher in plots grazed by the genus Equus than by sheep) and for
evenness (higher for takhi than sheep). Differences measured between
horses and sheep are probably linked to the morphology, the physiology
and behaviour in terms of preferences, selectivity, foraging time and
space used by these animals. Sheep are ruminant species and are qual-
ified as intermediate feeders, but they are mainly grazers: they eat
grasses, forbs and shrubs and they are effective in selecting the tender
and palatable parts of plants (Dias-Silva and Abdalla Filho, 2020; Hof-
mann, 1989). Their circadian rhythm is characterized by long feeding
periods, followed by long ruminating and resting periods (Hofmann,
1989). They adapt their feeding habits depending on resource avail-
ability, with higher selectivity when resources are high (Dias-Silva and
Abdalla Filho, 2020). On the contrary, horses are monogastric and their
digestive physiology is characterized by high food intake and digesta,
with longer foraging times than sheep, facilitated by high chewing ef-
ficiency (Clauss, 2013; Duncan, 2012). Horses are considered as grazers,
and their diets are dominated by grasses (Chodkiewicz, 2020; Cromsigt
et al., 2018; Duncan, 2012), even if they also eat forbs and shrubs. As
horses eat mostly grasses, and have a higher food intake than sheep or
bovids - thus being more active — they have a greater trampling impact
(Larson et al., 2015), creating ideal conditions for forb development,
which explains differences with the lower species-richness measured in
sheep-grazed plots. Moreover, we measure higher dicotyledons percent
covers in takhi-grazed plots and with slightly more for domestic horses-
grazed plots. This result is corroborated by the literature, as Equus are
known to control dominant monocotyledons (Cosyns et al., 2001) and in
a more effective way than small ruminants (Catorci et al., 2012),
because their diet is mostly composed of Poacea (Duncan, 2012). Better
control of the dominant species, such as Bromopsis erecta in our case, can
leave more space for other species to develop and also explains the
higher evenness in takhi-grazed plots than in sheep-grazed plots. Horses
patch forage: they exploit the heterogeneity of resources taking a few
bites of a plant before walking a few steps to choose a new feeding
station (Prache et al., 1998). The feeding behaviour could also intensify
the local heterogeneity and explain our results with higher
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Fig. 5. Mean values + SE of dicotyledons percent covers for each grazer at the grazing system level (A) and at the cluster level (B).

heterogeneity between takhi-grazed plots compared to sheep-grazed
plots. The nuances with similar mean species richness but different
plant communities between the two species of the genus Equus, could be
explained by the following hypotheses (combined or not), needing
further study to discriminate them. First, the time that domestic horses
have been grazing these sites (14 years) and grazing them alone, without
alternating with sheep (4 years) is shorter compared to takhi, which
have been grazing their sites on their own since 1993 or 2001 depending
on the enclosure. Second, takhi probably eat other species (or not) in the
same proportions as domestic horses (e.g., Lavandula angustifolia, Carlina
acanthifolia eaten by takhi, S. Carton de Grammont, conservation man-
ager of takhi pers. comm.). These plant species contain high amounts of
triterpenes also used in traditional medicine (Strzemski et al., 2016) and
could be used by takhi to self-medicate (e.g., against worms). Miranda
donkeys Equus asinus, (Couto et al., 2016), goats (Amit et al., 2013) and
sheep (Dias-Silva and Abdalla Filho, 2020), as well as wild animals, such
as great apes (Dubost et al., 2019; Huffman, 1997; Krief, 2011) have
already been observed feeding on specific plants for prophylactic or
therapeutic purposes. Furthermore, here, takhi are a semi-free ranging
population, thus both sexes and offspring maintain social interactions all
year round, which is not the case for domestic animals. Typically foals
and fillies disperse from the natal group between 1 and 2.5 years old
(Monard et al., 1996) as observed in the studied population (Tatin and
Carton de Grammont pers.com.). Learning and social transmission play
a key role for herbivore diet selection (Bolzan et al., 2020; Provenza
et al., 2003), in which individual and herd experiences combined with
environmental conditions and social dynamics are important parame-
ters (Bailey and Provenza, 2008; Duncan, 1983; King and Gurnell, 2005;
Kriiger and Flauger, 2008; Saidi, 1998; Turner, 2015). Animals with
experience are able to eat a large variety of forage even if they have
other alternatives — with different nutrient and toxin levels — and are
capable of self-regulating (Provenza, 2003), while naive animals will
only eat familiar forage. To explore these points further, it would be
interesting in the future to analyse animal diets using metabarcoding
(Cromsigt et al., 2018), and/or grazing behaviour (e.g., continuous bite
monitoring) could be observed at different seasons because it will also
vary over time following resource availability (Cosyns et al., 2001; Sli-
vinska and Kopij, 2011).

4.2. Effects of grazing systems on plant communities

The constraint analysis displayed grazing system (i.e., management
choices) effects on the variability of the plant communities. The value of
4.9 % of variability explained by grazers and 11.8 % by environmental
variables approach values of a study looking at the influence of habitat
conditions and management regimes on prealpine calcareous grasslands
with 12 % explained by lithology, 5.2 % by soil moisture and 6 %
explained by grazing intensity (Barbaro et al., 2004). A large part of the
variability not explained by our variables (grazing systems nor envi-
ronment) could be explained by other mesological variables, such as
variations in microclimate, which could also explain the wide variation
and heterogeneity measured between plots. A clear pattern is drawn by
the constraint analysis, separating the genus Equus (domestic horses and
takhi) from sheep on the second axis. The separation between Equus and
sheep was expected, linked to their foraging behaviour, the grazers
preferences and selectivity — as explained in 4.1. Interestingly, we also
observe a separation between communities grazed by domestic animals
(domestic horses and sheep) and takhi. This is confirmed by the species
richness, which is higher in takhi- than in sheep- or domestic horse
grazing systems. Heterogeneity in between the grazed sites is higher in
takhi- than in sheep- and finally in domestic horse-grazed sites. The
major differences between domestic animals and wild ones, are linked to
the management system (no treatment, no induced mating choices) that
allows socially natural behaviour. Free-roaming takhi, like other equids
(feral horses, wild asses or zebras), form two main social groups, also
called band types: i) a “family” (or harem) with usually one stallion
(sometimes several (Feh, 1999)) and one to several mares with their
foals up to the age of 1 to 2.5 years old (Monard et al., 1996), and ii)
bachelor groups which are mostly composed of young males and old or
fallen stallions (Bahloul et al., 2001; Klimov, 1988; Pereladova et al.,
1999). This results in a different way of using the resources in space and
in time (King and Gurnell, 2005; Linklater et al., 2000). In other studies
regarding populations of Camargue horses roaming freely and takhi (on
the Causse Méjean), feeding behaviour and feeding areas were different
according to the social group, dominant ones (usually families) having
preferential access to selected feeding areas (Duncan, 1983; Saidi,
1998). On the Causse Méjean within the population of takhi and during
spring, the stallion seems to drive its family out of areas close to bachelor
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groups (Saidi, 1998; L. Tatin and S. Carton de Grammont pers. com.).
When there are several families, some can cohabit in close proximity,
and this behaviour can last for weeks, months or years (L. Tatin pers.
Com.) inducing a local higher grazing pressure and so heterogeneity.
Moreover, a diminution of the grazing activity was also measured during
spring — with takhi mares' oestrus — permitting plant species to develop
further and to finish their cycle (Saidi, 1998). Another point that seems
important is the choice made by domestic herd breeders to cultivate the
land depressions of the plateau while they are all grazed in takhi en-
closures. This choice adds small-scale heterogeneity, with more habitats
and microhabitats, and induces another use of the total area because
these places are usually more productive and do not have the same land-
use history as the rest of the enclosures (Nicod and Salomon, 1999). A
second choice is the surface available devoted to domestic horses: these
enclosures are the smallest of the study - but the biggest we could find on
the Causse Méjean. The surface could affect small-scale heterogeneity of
the environmental variables and so the vegetation (Lundholm, 2009;
Stein et al., 2014; Tamme et al., 2010). Furthermore, local biotic pro-
cesses — such as soil micro-organism activity (Ettema and Wardle, 2002)
- could also play an important role. The last point, even if stocking rates
are very similar and very low — between 0.048 and 0.062 LU/ha/year —
takhi have the lowest values. As has already been shown, higher grazing
pressures can negatively impact species richness but it is affected
differently depending on the environment (arid, humid) (Herrero-
Jauregui and Oesterheld, 2018). It is therefore difficult to directly
compare stocking rates between studies but our values are in the low
average stocking rate values of other farms within the Causse Méjean
(Crosnier and Granger, 2004).

4.3. Bioindicator species

Three of the four bioindicator species of sheep-grazed sites clearly
displayed by our analysis at the grazing system level and at the cluster
level are Poaceae (Bromopsis erecta, Festuca marginata, Koeleria valesi-
ana). This result underlines the tendency of Poaceae being more frequent
in the sheep-grazed sites and is corroborated by literature, sheep
showing diet preference for dicots (e.g., legumes) (Rutter, 2010). The
fourth and fifth bioindicator species are: Teucrium rouyanum and Thymus
serpyllum, two perennial chamaephytes belonging to genera containing
secondary metabolites (Salehi et al., 2019; Stankovic et al., 2012).
Chamaephytes are less tolerant to trampling (contrary to annual species)
(Catorci et al., 2012), and could indicate sheep grazing because this
animal is less active than horses (Larson et al., 2015). T. rouyanum is an
endemic species (autonomous amphidiploid probably between
T. aureum and a diploid taxon close to T. polium) of the Causses, typical
of the dry calcareous grasslands (Tison et al., 2014). Probably due to its
chemical compounds, it is not appreciated by sheep, and forms ligneous
vegetation islets (Puech, 1974).

A toxic (Novak, 2004) and facultative root-hemiparasitic plant
(Rhinanthus pumilus) (Mudrak et al., 2014) is the bioindicator species
found for takhi-grazed sites at both studied scales. Species from the
genus Rhinanthus are facultative root-hemiparasitic plants occurring
frequently in grassland communities (Mudrak et al., 2014). They
generally prefer grasses and legumes as hosts (Cameron et al., 2006;
Gibson and Watkinson, 1989). Rhinanthus spp. usually suppress grasses
(Joshi et al., 2000) and promote forbs (Ameloot et al., 2008; Bardgett
et al., 2006; Mudrak et al., 2014; Quested et al., 2005, 2003) and have a
positive effect on plant biodiversity, they are thus considered as
ecosystem engineers (Heer et al., 2018) and seem to be a practical tool in
ecological restoration projects (Bullock and Pywell, 2005). The presence
of Rhinanthus in takhi-grazed sites may generate a positive-feedback
loop and additionally contribute to higher species richness, evenness
and heterogeneity. A Rosaceae and perennial hemicryptophyte (Poten-
tilla verna) (Tison et al., 2014) is also a bioindicator species at the
grazing system scale. This species is frequently found in old grasslands,
being a dominant or subdominant species (Karlik and Poschlod, 2019), it
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is also a calcareous grassland specialist (Harzé, 2017). The second bio-
indicator species highlighted by takhi grazing at the cluster scale, is a
perennial hemicryptophyte and chamaephyte, typical of hill and dry
grasslands (Linum suffruticosum) (Bernard, 2009). The third species is
Seseli montanum, an Apiaceae, hemicryptophyte (Tison et al., 2014).
Apiaceae species and some of the Seseli genius, are known for the
chemical properties of their essential oil (Evergetis and Haroutounian,
2014; Goncalves et al., 2012; Onder et al., 2023), and by eating it for
self-medication takhi could play a role in the seeds' dispersal which
could explain its presence and representativity in takhi-grazed plots.

No clear pattern is shown by our results concerning bioindicator
species for sites grazed by domestic horses. However, it is interesting to
see that there are three Poaceae again (B. erecta, F. marginata, Heli-
chtocloa pratensis), and two dicotyledons, one annual species: Bupleurum
baldense and one perennial specie P. verna as for takhi. The presence of
Poaceae as a possible bioindicator species of grazing by domestic horses
could be highlighting the transitional period between sheep and horse
grazing. However, interestingly, in xeric habitats, annual species are
considered as stress-tolerators (Madon and Médail, 1997). Its presence
could be linked to the capability of annual species to colonise grassland
gaps due to trampling by large herbivores.

5. Implications for conservation

The results of our study clearly show that extensive grazing (as are all
three types of grazing studied here) of steppe-like grasslands is different
depending on the grazer (sheep vs. horses) and the management choice
(extensive grazing vs. ‘as wild’). Domestic horse breeding can be a good
substitute for traditional sheep breeding for plant community conser-
vation as highlighted by our results — with only slight changes in the
plant community compared to sheep. This is corroborated by scientific
literature showing that horse grazing has contributed to protecting open
habitats and specific plants (Bonavent et al., 2023; Fleurance et al.,
2011; Kohler et al., 2016). Differences between domestic and wild
horses mainly reside in the overall management and the possibility for
animals to express all their natural social behaviours, a management
type we named ‘as wild’.

Where low intensity agricultural and breeding practices aimed at
production (meat, dairy, wool, racehorses, etc.) are no longer possible or
viable, or when alternative management is required, we have demon-
strated that managing horse herds ‘as wild’” promotes biodiversity
(species richness, evenness and heterogeneity) and therefore showed the
benefits of (re)wilding. Here we have demonstrated that the site grazed
‘as wild’” are still Mediterraneo-montane steppes EUNIS habitat type
(code E1.51, European Environment Agency, 2019). Rewilding with ‘as
wild’ horses therefore contributes to the conservation of this open
habitat. However, in terms of plant conservation, such management of
horses changes plant communities and this should be taken into account
if specific threatened species are the main focus. Further studies on plant
species with high patrimonial value, other taxonomical groups and/or
on functional diversity are needed to compare and test more finely the
effects of horses managed ‘as domestic’ or ‘as wild’.

Finally, socio-economic issues are of crucial concern and have not
been investigated in this study. When considering managing domestic
grazers ‘as wild’, it needs to be understood that this results in changing
breeder/shepherd practices and raises the question of economic income.
It could be considered as a new paradigm and might be another way to
link pastoralism and biodiversity conservation but needs further studies
and debate.
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