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Introduction

Mountain meadows and pastures are
one of the most diverse habitats in the
world in terms of plant species richness
(Dengler et al,, 2014). In restricted zones
(i.e. at plot-scale), their vascular plant
diversity can even exceed that of tropi-
cal rainforests, generally considered to
be the most diverse ecosystems on the
planet. For example, at a scale of T m2,
the world record of 89 plant species is
held by the dry mountain grasslands of
Central Argentina (Cantero et al,, 1999).
Furthermore, in plots of 16 and 49 m2,
the highest vascular plant species
richness (105 and 131 species respec-
tively) was observed in semi-natural
grassland situated in the Czech part
of the White Carpathians (Wilson et al.,
2012). Although the total number of
species present in all European moun-
tain meadows and pastures has yet to
be quantified, some data are available
for specific mountain ranges. For exam-
ple, more than 75% of the 4,485 plant

species recorded in the Alps are asso-
ciated with grassland habitats situ-
ated from the hilly to the alpine belts
(Aeschimann et al,, 2013).

At global scale, the number of plant
species in mountain regions gener-
ally increases with surface area, pro-
ductivity and topographical variation
(Rahbek et al.,, 2019). Several ecological
factors help to explain the enormous
biodiversity of these mountain zones:
i) the “insular nature” of mountains,
which over time has favoured greater
speciation compared with adjacent
lowland zones, also favours a high
number of endemic species (Kérner &
Spehn, 2024); ii) the high topographi-
cal variation (altitude, slope, orienta-
tion, roughness...), which has a direct
or indirect influence on microclimatic
factors (solar radiation, temperature,
duration of snow cover, length of grow-
ing season...) and pedological factors
(bedrock alteration, soil type, humid-
ity, nutrient levels, accumulation of
organic matter...); iii) the coexistence

of natural grasslands above the treeline
and semi-natural grasslands below the
treeline, maintained by traditional farm-
ing practices such as livestock grazing
or haymaking, which have character-
ised all European temperate grasslands
since Neolithic times (Hejcman et al.,
2013). Furthermore, the microtopo-
graphic variation is accompanied by a
large variation in management prac-
tices, which amplifies the coexistence of
different species within the same zone.

In Europe, the high biodiversity char-
acterising mountain grassland habitats
is greatest in semi-natural grasslands
created from ancient woodland by
human activity, which constitute an
essential part of the European cultural
landscape. Of these, dry, calcareous
semi-natural grasslands (included in
the Natura 2000 habitat of Community
interest 6210%) are considered one of
the most species-rich communities
because they host several rare and
endangered plant species, various bry-
ophytes and lichens, and are of great

1 This article was presented at the 27¢ journées Rencontres autour des Recherches sur les Ruminants, 4-5 December 2024 in Paris (Probo et al,, 2024b).
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Grassland soil nutrient level and plant diversity.
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importance for the conservation of the
invertebrates associated with them,
especially butterflies. In Switzerland,
for example, they cover only 2.3% of the
total grassland area but contain 13.1%
of the Swiss flora and over half of all
Swiss butterfly species, 170 of which
depend entirely on this type of habitat
(Masé, 2005).

When environmental conditions
become more difficult for plants to
survive, for example in nutrient-poor
or very arid, stony environments, a
reduction in the number of species
can be observed as some species that
are well-adapted to these difficult
conditions become dominant at the
expense of others. For example, in
alpine pastures, very low and very high
soil nutrient levels are generally asso-
ciated with the lowest plant diversity;
low nutrient levels encourage certain
nutrient-poor plant species to become
dominant within the plant community,
while high nutrient levels promote
the dominance of certain nitrophilous
plant species ( ). Likewise, at
higher altitudes in alpine zones, abiotic
environmental factors such as climatic
parameters (duration of snow cover, for
example) play a particularly important
role in determining the assemblage of
plant communities and have a signifi-
cant influence on biodiversity (Marini
etal, 2007). In mountain ecosystems, a
general reduction in plant diversity can
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be seen with increasing altitude due to
differences in temperature, seasonal
growth, soil nutrient levels, deposition
and mineralisation rates (Kbrner, 2021).
If the ecological gradient studied is suf-
ficiently large, the relationship between
soil nutrient levels and plant species
richness follows an asymmetric distri-
bution of a hump-shaped curve which
declines steeply towards the upper
extremity of the gradient ( ).

At landscape scale, the interaction
between land use and site-specific
environmental conditions is reflected
in a diverse range of plant communi-
ties which contribute to a landscape
characterised by high diversity (Gazol
etal, 2012). European mountain mead-
ows and pastures support a multitude
of habitats and types of vegetation. For
example, in the French Massif Central
and the Western Italian Alps (Piedmont
region), 135 and over 90 grassland
types have been identified respec-
tively, variably distributed according to
altitude, soil nutrient level and manage-
ment intensity (Cavallero et al, 2007;
Le Hénaff et al,, 2021).

1. Impact of livestock
on plant diversity

Pastoral activities have fundamen-
tally shaped mountain habitats. Early

farmers cut down trees to keep warm
and to make cheese, opening up the
ancient wooded landscape, and con-
tinued to change it, for example by
removing stones and creating terraces.
Livestock have also played their part
in modifying these habitats. Livestock
grazing influences the environment
directly and indirectly through selec-
tive defoliation, trampling, nutrient
redistribution and seed transport. In
this way, herbivores modify competi-
tion for light and soil nutrients between
species within the plant community,
thus shaping its botanic composition
(Gaujour et al.,, 2012).

H 1.1. Selective defoliation

Essentially, livestock remove plant
biomass through grazing. Thus plant
species with a high capacity for regen-
eration and capable of withstanding
regular defoliation have a competitive
advantage over more vulnerable plants.
Young shrubs and trees in particular are
less adapted to grazing and have thus
been progressively eliminated from
meadows and pastures over the cen-
turies. However, livestock do not graze
uniformly (Bayle et al, 2019). Some
patches are grazed intensively, creat-
ing ideal conditions for fast-growing
species that require large amounts of
light, for example. Other less grazed
areas provide a refuge for slower grow-
ing, shade-adapted species. Insects and
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fauna also benefit from these uneven
grazing patterns. For example, in the
Alps, the presence of certain umbrella
species indicating high plant and animal
biodiversity, such as the black grouse, is
closely linked to a highly heterogene-
ous mosaic of grassland and shrubby
habitats (Braunisch et al., 2016).

This preference for one specific area
of grassland and avoidance of another
is not random but determined by the
feeding preferences of different types
of livestock (Wood, 1987). Livestock
can be classed in three main catego-
ries: grazers, mixed feeders and brows-
ers. Sheep and cattle are generally
considered to be grazers because their
diet consists mainly of grasses with less
than 25% of herbaceous dicotyledons
and woody plants, including the leaves
and branches of shrubs. Cattle, how-
ever, use their tongues to tear forage,
which makes them less selective than
sheep and horses (Crofts, 1999), whose
narrower mouths and more flexible
lips enable them to graze closer to the
ground. In contrast, thanks to the shape
of their incisor arcade and their mobile
lips, goats can generally include a
higher percentage of woody species in
their diet. As such, they are considered
to be mixed feeders when dicotyledons
comprise 25 to 75% of their diet, and
browsers when dicotyledons comprise
more than 75% of their diet (lussig et al,
2015).

Selective defoliation has a direct
impact on grassland vegetation, shap-
ing both the growth form of different
species and the botanical composition
(Diaz etal, 2007). Intensive grazing
modifies the growth form of different
plant species in the short and medium
term, leading to a general reduction in
height and total biomass produced and
an increase in prostrate growth forms.
In the medium and long term, the
botanical composition is also affected
as the proportion of species resistant
to defoliation (productive grasses, for
example) increases and fast-growing
plant species with a high potential
for regeneration outcompete more
vulnerable species (Diaz etal., 2007).
Rosette-forming or stoloniferous plants
(unlike tussock grasses) are normally
spared because they are too short to be

reached by grazers’' mouths (Diaz et al,
2007). Furthermore, they benefit from
the elimination of taller plants, which
gives them more light and reduces
competition for nutrients. Some plants
have developed specific defence mech-
anisms to avoid defoliation, such as toxic
secondary compounds, unpalatable
structures (such as tough, prickly leaves
or thorns) or very low nutrient levels in
their above-ground biomass (Pauler
etal, 2020a). In summary, livestock
have created a broad range of ecolog-
ical niches occupied by a multitude of
plant species exhibiting highly variable
adaptation mechanisms in response to
grazing. However, if the intensity and
frequency of defoliation is too high in
the long term, the heterogeneity of the
conditions, and thus plant diversity,
diminishes. The underlying mechanism
is that a few very well-adapted plants
overgrow all other species. They become
exceptionally dominant within the plant
community, thereby reducing overall
plant diversity. In effect, according to
the intermediate disturbance hypoth-
esis, species richness is the highest at
moderate levels of grazing intensity,
since it peaks at intermediate values of
disturbance due to the coexistence of
several species in overlapping ecolog-
ical niches (Grime, 1973).

Furthermore, over the course of the
last century, humans have greatly modi-
fied the characteristics of cattle, thereby,
unintentionally disrupting the delicate
balance between the preferences of
different breeds for and their avoid-
ance of certain plant species. Modern
livestock breeding has favoured high
milk and meat production, and this
increase in productivity is accompanied
by an increased demand for nutrients.
To meet this demand, modern breeds
select positively for plant species with
a high nutritional value, such as broad-
leaved grasses and legumes. In contrast,
they clearly avoid less palatable and
less digestible plants, as these animals
are unable to meet their genetically
defined demand for meat or milk pro-
duction by selecting forage plants with
low nutritional value without receiv-
ing supplementary feed concentrates
(Berry et al,, 2002; Pauler et al., 2020a).
In addition, modern breeds make more
effort than traditional breeds to avoid

plant species that protect themselves
from herbivores. For example, thorny
species such as thistles, or toxic plants,
are more often selected by less pro-
ductive Highland cattle than by high-
er-yielding modern breeds (Pauler
et al,, 2020a). This modifies the delicate
balance between preference and avoid-
ance: the competitive advantage of less
palatable plant species increases and
they become more and more dominant,
overgrowing other plant species. For
example, in high-altitude grasslands,
the less palatable grass species Nardus
stricta L. is invading ancient biodiverse
habitats because modern breeds tend
to avoid it. This phenomenon is accom-
panied by a decline in the biodiversity
and forage quality of these grasslands.
By improving livestock productivity,
modern farming has inadvertently
increased their foraging selectivity and
grassland uniformity while at the same
time reducing grassland biodiversity
(Pauler et al., 2019).

H 1.2 Trampling

Trampling by livestock has a signifi-
cant, direct influence on the botanical
composition of grasslands. Plant spe-
cies vulnerable to trampling can be
destroyed by the pressure of the ani-
mals’ hooves. However, some species
have evolved specific physiological
adaptations in response to trampling,
such as rosettes, stolons or rhizomes
(Diaz etal.,, 2007) which enable them
to conserve nutrients safely under-
ground and regenerate rapidly after
trampling. These trampling specialists
benefit from grazing activity because
their competitors are weakened or
destroyed in zones frequently visited
by livestock, while other seldom visited
areas of alpine pasture offer a refuge
for species less adapted to trampling.
For example, less abundant subordi-
nate species - a key component of
plant diversity in grasslands - bene-
fit from moderate trampling because
the gaps created by cattle reduce root
competition from dominant species
(Mariotte et al,, 2013). In this way, mod-
erate livestock trampling can increase
the heterogeneity and thus the biodi-
versity of alpine pastures, not only for
plants, but for other organisms as well.
Amphibians, for example, can benefit
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from water-filled hoof prints, soil com-
paction, which reduces evapotranspi-
ration, or the elimination of senescent
vegetation, creating a supplementary
habitat and foraging opportunities
(Howell et al,, 2019). On the other hand,
if grazing intensity is too high, they can
suffer from increased levels of nitrate
and dissolved oxygen, and sediment
loads (Howell etal.,, 2019).

However, the beneficial effect of tram-
pling applies only to well-managed
grasslands where grazing intensity
is site-adapted. In mountain regions,
the rugged topography often causes
livestock to gather in more favourable
zones, such as flat resting areas, zones
around barns, points of attraction (water
troughs, mineral supplements) and
tracks following the contours (Probo
etal, 2014). If trampling pressure is
not evenly spread across the pastures,
species richness in plant communities
in the most trampled zones diminishes.
As a result, these communities become
dominated by a small number of species
which tolerate the repeated passage of
livestock, such as Taraxacum officinale
aggr., Alchemilla vulgaris aggr., Plantago
major L., Poa supina Schrad. and Poa triv-
ialis L. (Supek et al,, 2014). If grazing and
trampling pressure increases further,
especially in wet conditions, the veg-
etation can be destroyed. Ground laid
bare in this way can be rapidly colonised
by species adapted to trampling, such as
Rumex alpinus L, which spreads across
bare ground more rapidly than other
species. These species not only diminish
the forage quality of grassland; they also
reduce biodiversity by outcompeting
species less resistant to trampling and
thus dominating the plant community.

As we have already mentioned, mod-
ern livestock breeding has modified
livestock traits, which in turn has led
to a more negative impact on alpine
pastures: cattle bred for production are
heavier than traditional breeds, thereby
increasing the body weight pressure to
the ground. Furthermore, their hooves
are comparatively small relative to their
body weight. The pressure per square
centimetre exerted on the ground is thus
far greater than with traditional breeds.
Pauler et al. (2020b) stated that the pres-
sure exerted by the hooves of a highly
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productive Angus x Holstein crossbreed
is more than one third higher than that
exerted by the hooves of the robust, less
productive Highland cattle (Pauler et al,
2020b). Higher trampling pressure exac-
erbates the negative effects of tram-
pling on biodiversity (Pauler et al,, 2019).
Moreover, highly productive breeds of
cattle use the available space less evenly
than traditional breeds: the more pro-
ductive the cattle, the more time they
spend in flat, nutrient-rich pastures,
while avoiding steep, nutrient-poor
areas. In contrast, robust breeds such as
Highland cattle also explore steep, stony
areas where forage quality is low (Pauler
etal, 2020b). By clustering in restricted
areas, modern breeds often overgraze
these more attractive zones, leading
to soil compaction and destruction of
the vegetation. Thus, modern livestock
breeding has aggravated the negative
impact of trampling and increased the
risk of erosion at local level in mountain
zones.

H 1.3 Redistribution
of seeds and nutrients

Apart from slope, other factors deter-
mine the distribution patterns of cattle
in mountain pastures, such as qual-
ity and quantity of forage or distance
from infrastructures and watering
points (Probo et al,, 2014; Homburger
etal, 2015). Given that grazing cattle
do not use the available space evenly,
they drive a redistribution of nutrients
within the pastures. In effect, nutri-
ents in alpine pastures are transported
mainly through animal excretions;
nutrients absorbed during foraging
are returned through urine and dung
(Schnyder et al., 2010). The spatial dis-
tribution of dung and urine is not uni-
form; excretions are mainly deposited
in flat, localised resting areas, which
become nutrient-enriched over time,
while steeper pastures are character-
ised by nutrient depletion (Svensket al,,
2023). Nutrient availability (especially
of nitrogen) strongly affects the devel-
opment of plant species as it is one of
the most important limiting factors
for plant species and communities in
mountain environments, affecting both
grassland productivity and the compo-
sition of plant communities. By creating
zones with contrasting nutrient levels,

grazing cattle can increase the hetero-
geneity and biodiversity of grassland
at landscape level, on a gradient rang-
ing from nutrient-poor to nutrient-rich
plant communities. Thus nutrient-rich
zones dominated by tall, nitrophilous
generalists can be found alongside
nutrient-poor zones harbouring small,
undemanding specialists.

Furthermore, livestock act as vec-
tors for seed dispersal both within and
between pastures, mainly by endozoo-
chory, i.e. ingesting seeds and excret-
ing them in faeces, and epizoochory, i.e.
transporting seeds externally. This lat-
ter method is particularly important for
certain types of livestock such as sheep.
These zoochoric plant species are par-
ticularly impacted by a reduction in
stocking levels. In addition, in pastures
that are no longer grazed, zoochoric
plant species that rely on dispersal by
animals lose their connection to other
populations. These isolated populations
have a weaker survival capacity. Seed
dispersal by livestock is thus an impor-
tant and often neglected aspect of
maintaining plant diversity. It has been
shown that long-haired Highland cat-
tle increase biodiversity by transporting
the seeds of epizoochoric plant species
(Pauler et al., 2019).

2. Impact of grazing
management on plant
diversity

H 2.1. Intensification
and extensification process

Species-rich pastures created by
livestock are not self-sustaining; they
depend on continuous grazing as part
of a site-adapted management strategy.
However, two opposing trends have
emerged in European mountain pas-
tures in recent decades, both of which
have a harmful effect on plant diversity:
intensification of favourable zones and
extensification of the most marginal
zones (Tasser & Tappeiner, 2002).

Pastures located in favourable con-
ditions, such as flat zones with high-
quality forage, good infrastructure and
proximity to roads and farm buildings,
have generally been managed more
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intensively. This is reflected in higher
stocking rates and/or an extended
grazing season, the selection of more
productive breeds, the replacement of
small ruminants with cattle and the use
of fertilisers and machines. These meas-
ures have led to a homogenisation of
grassland communities. The ecological
niches occupied by plant and animal
species adapted to extensive systems
have been reduced along with the over-
all biodiversity of these zones. In inten-
sively managed pastures, there has
been a shift towards a few generalist
plant species which are best equipped
to exploit these conditions. If manage-
ment intensity increases further and
pastures become overgrazed, high
trampling pressure leads not only to
biodiversity loss but also to compaction
and discontinuity of the soil cover. This
increases the risk of soil instability and
erosion. Furthermore, a nutrient surplus
concentrated in favourable areas leads
to nutrient leaching, thereby reducing
water quality downstream.

The reverse has occurred in less
favourable pastures: often, farmers
have not been able to make a profit
on steep, rocky and remote areas with
poor-quality forage. Climate change
has accelerated this process, with a
reduction in glacial water flow and an
increase in summer droughts leading
to a lack of water for animals in many
regions. Due to their low profitability,
these pastures have often been man-
aged extensively, in other words grazed
with very low stocking rates, or even
abandoned altogether. The abandon-
ment of pastures favours a small num-
ber of dominant plant species, resulting
in a sharp decline in diversity (Mariotte
etal, 2012). The reduction in grazing
has also fundamentally changed the
factors determining the composition
of grassland plants: the succession of
woody species starts after abandon-
ment when livestock are no longer
continually defoliating grassland plants
and trampling on young saplings.
Shrub encroachment and reforestation
are accompanied by the loss of several
ecosystem services provided by alpine
pastures, such as traditional meat and
cheese production or the creation of an
attractive landscape that is of value to
tourism and the economy (Soliva et al.,

2010). However, this succession from
open, species-rich mountain grasslands
to scrub and forest is caused not only by
areduction in livestock but by a change
in the type of livestock. In Switzerland
for example, the number of goats
has declined by 80% in the last 150
years, while the number of cattle has
increased by 50% in the same period
(Pauler et al., 2022). With grazers hav-
ing replaced browsers, there are fewer
animals to debark woody plants and so
reduce their cover.

Biodiversity benefits from extensi-
fication provided there is a mosaic of
open grassland and isolated shrubs
and trees: plant species richness
reaches its peak when shrub cover is
low to moderate ( ). However, if
grazing is further reduced and woody
species become dominant, biodi-
versity diminishes due to the much
greater uniformity of the woody veg-
etation. This applies equally to dwarf
shrubs such as Rhododendron ferrug-
ineum L. (Pornaro etal., 2017) and tall
ones such as Pinus mugo Turra. There
is one exception to this hump-shaped
relationship between shrub cover and
biodiversity: in pastures colonised by
green alder (Alnus viridis Chaix), even
very low shrub cover results in a reduc-
tion in biodiversity, which diminishes
linearly with each additional shrub
( ). Unfortunately, green alder
spreads more rapidly than any other
shrub in the European Alps and moun-
tain ranges of Eastern Europe due to
its ability to fix atmospheric nitrogen
(Pauler et al., 2022). The surplus nitro-
gen creates a eutrophic understory
where a few nitrophilic plant species
outcompete all others. In addition,
nitrogen enrichment over-fertilises
neighbouring pastures and down-
stream rivers and streams - thereby
reducing biodiversity in the surround-
ing area - and is emitted to atmos-
phere as nitrous oxide, which is an
important greenhouse gas.

The use of adapted livestock manage-
ment to control green alder can make
a very effective contribution to main-
taining plant biodiversity (Svensk et al.,
2022). The impact of shrub encroach-
ment on other taxa is more complex.
For example, the abandonment of

grazing land leads to an overall increase
in avian diversity. However, most spe-
cies that colonise abandoned pastures
are common and widespread, whereas
endangered grassland bird species
decline in number due to habitat loss
(Laiolo et al., 2004).

B 2.2 Grazing systems

The way livestock is managed
has a fundamental impact on the
botanical composition of grasslands.
Historically, the mountains of Europe
were home to a large number of small,
family-owned herds and grazing sys-
tems were typically based on herding
and shepherding (MacDonald etal.,
2000). These systems often allowed
the controlled management of feed
resources, with the animals led daily
to grazing areas where forage species
were often at the optimal phenolog-
ical stage. These herding practices
also made it possible to exploit the
climatic altitudinal gradient and ver-
tical transhumance of livestock within
these mountain ecosystems (Meuret &
Provenza, 2015). However, socio-eco-
nomic and structural changes have
profoundly modified these pastoral
systems in recent decades. In moun-
tain areas, the number of farms and
the average number of workers per
farm has declined sharply while the
average number of animals per herd
has risen to maintain an adequate
level of profitability. Consequently,
to reduce labour requirements, con-
tinuous grazing systems have often
replaced traditional herding practices
in several mountain areas such as the
Italian Alps and Apennines (Probo
etal, 2014). In continuous grazing
systems, livestock are released and
permitted to roam free on vast areas
of grassland. The practice of livestock
roaming free on mountain terrain has
led to a more selective and spatially
heterogeneous use of grassland than
in the past when shepherding limited
the animals’natural preference for gen-
tle topographies with more produc-
tive plants of higher nutritional value.
Indeed, herders encouraged livestock
to graze on steep terrain (Meuret &
Provenza, 2015). Consequently, con-
tinuous grazing systems have exac-
erbated the processes of under- and
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Woody species cover and plant diversity.

a) b) c)
50 4
0.8 0.8
(7] s
g 40 0.7 4 0.7 4
£ @ 2
30 é
2 © 06- £ 0.6
8 20 S 3
2 5
S g 054 &0'5'
o
»n 10 0.4 - 0.4
0 1 1 1 1 1 0'3 T T T T T 0-3 T T ) | T T
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
d) f)
o)
g Y g 24
= == =£ £
§ 351 /////;’ = = 3.5
£ - I e —— @ o
—— = =
z 3 &/‘ g 5 3 = —
o = 'S 5 =
e 2.5'_ — o S25- -
e O e S e .: :
o -— -
E 2- = 5 2 £ 21
2 T T 1 T Ll _l 1 T T 1 1 ; | T T T T
0O 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Zonal shrub cover (%)
e Alnus viridis Pinus mugo others

Relationships between woody species cover and a) species richness, b) evenness index, ) beta-diversity, d) nutrient requirement index, e) light requirement

index and f) water requirement (Zehnder et al., 2020).

overgrazing, with negative impacts
on the conservation of biodiversity
(Probo et al., 2014). Rotational grazing
systems are an alternative manage-
ment practice which can mitigate this
problem. These systems involve mov-
ing livestock systematically from one
fenced paddock to another while leav-
ing other areas ungrazed. To reduce
selective grazing by livestock, grazing
duration and stocking rates in these
zones should be balanced with for-
age availability, as this enables better
management of forage resources and
has a positive effect on forage quality
(MacDonald et al., 2000). Perotti et al.
(2018) showed that the implementa-
tion of a rotational grazing system in
a high-altitude alpine pasture over a
five-year period had a beneficial effect
on biodiversity conservation by pro-
moting seed transfer and increasing
connectivity amongst different plant
communities.
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W 2.3. Stocking rates
and frequency, timing
and duration of grazing

One of the most important aspects
of grazing management in terms of its
effects on changes in plant diversity in
mountain pastures is the stocking rate,
in other words the number of livestock
units grazing a specific zone during a
given period (Dumont et al,, 2009). It is
acknowledged that a stocking rate that
balances animal needs and vegetation
carrying capacity would maximize both
animal and pasture health, also in terms
of plant species richness (Pittarello et al,
2021). Vegetation carrying capacity
can be estimated by means of different
techniques, such as the execution of
phyto-pastoral vegetation surveys aim-
ing at assessing the botanical composi-
tion, its associated forage pastoral value
and terrain characteristics according to
the procedures described in Cavallero

et al. (2007). Often, however, the stock-
ing rate is imbalanced and does not
match vegetation carrying capacity.
Stocking rates that are too high or too
low in relation to vegetation carrying
capacity have a negative impact on the
botanical composition of the grassland,
respectively leading to the develop-
ment of nitrophilic plant communities
or shrub encroachment. More specifi-
cally, imbalanced, too high stocking
rates generally result in an increase in
competitive and ruderal species (espe-
cially annuals), a reduction in plant
height (including rosette structures),
early flowering and seed-dispersing
species. In contrast, imbalanced, low
stocking rates can favour stress-tolerant
grasses and herbaceous plants (Gaujour
etal, 2012) as well as shrub encroach-
ment (Probo et al., 2014).

The stocking rate impacts on vege-
tation depend not only on the number
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of animals per unit of surface and time
and their relation with vegetation
carrying capacity, but also on the fre-
quency with which the grazing cycle is
repeated over time. In fact, in numerous
situations, especially in rotational graz-
ing systems, foraging activities can be
repeated within the same grazing sea-
son. In this case, care must be taken to
ensure that the grass has had sufficient
time to recover and produce enough
biomass to be grazed again. Grazing
frequency - presumably linked to graz-
ing intensity — has a significant effect on
the plant structure and diversity of each
distinct parcel of vegetation. Initially,
livestock grazing can bring about local
changes in the composition of the plant
community which may become per-
manent if the same grazing regime is
repeated in the long term. Furthermore,
frequent grazing favours the presence
of species with high resistance to defo-
liation, as shown by the grazing and
trampling indices proposed by Briemle
etal. (2002). In contrast, low grazing fre-
quency is often associated with higher
plant diversity (Ravetto Enri etal.,
2020a), which supports the intermedi-
ate disturbance hypothesis. Homburger
etal. (2015) stated that a strict pasture
rotation involving short periods of graz-
ing is essential to influence livestock
activity and hence effects on ecosystem
processes and vegetation dynamics.
Thus, precisely managed grazing has a
positive effect on the provision of eco-
system services and consequently on
biodiversity.

INRAE (French National Research
Institute for Agriculture, Food and
Environment) has conducted several
studies in the Massif Central to evaluate
the effectiveness of innovative grazing
techniques in improving trophic avail-
ability for insect pollinators (Farruggia
etal, 2012; Ravetto Enri etal.,, 2017).
According to these studies, excluding
a plot from a rotational grazing system,
equivalent to a short period of rest dur-
ing the main flowering season for dicot-
yledons, significantly increases butterfly
and bumblebee abundance. It should
be noted that the measures were not
shown to significantly reduce grassland
or animal performance, underlining the
possibility of integrating nature conser-
vation and the needs of livestock in an

innovative “biodiversity-friendly” graz-
ing system.

The typical herd management
systems over European mountains
are based on vertical transhumance
and they are based on a progressive
exploitation of the pastures at differ-
ent altitudes, encompassing a first
grazing event at lower altitudes at the
end of spring/early summer, followed
by a shift of livestock to the summer
pastures located at the highest eleva-
tions, and a second grazing event on
vegetation regrowth at the end of the
summer grazing season/beginning of
autumn at lower altitudes. This system
ensures that low-altitude vegetation
has a sufficiently long rest, which can
be beneficial for the plants’ flowering
cycle and for habitat and biodiversity
conservation. On the Pyrenees, Ubach
etal. (2023) found that butterfly spe-
cies richness and abundance increased
during summer when the herd moved
towards the higher pastures.

Early grazing is generally recom-
mended to control the growth of
shrubs, weeds and poor-quality plants
(Dorner, 2023), as it hampers com-
pletion of the reproductive cycle and
subsequent propagation of poor-qual-
ity forage species by seed dispersal,
while at the same time stimulating the
growth of high-quality species (espe-
cially grazing-tolerant grasses) through
tillering. However, the palatability of
low-quality forage species diminishes
as the growing season progresses,
mainly due to the rising fibre content
and falling protein levels and digesti-
bility. Consequently, early grazing is
recommended for the optimal manage-
ment of marginal zones characterised
by nutrient-poor vegetation.

The timing and length of the grazing
season should also cope with climate
change, which is highly impacting on
mountain pasture vegetation and the
related pastoral management. Ravetto
Enri et al. (2020), for instance, recom-
mended adaptive exploitation dates for
the management of Swiss species-rich
grasslands instead of predefined fixed
dates, in order to take into account the
mean phenological stage of selected
key species, to consider interannual

weather fluctuations and the ongoing
anticipation of vegetation phenology.

In addition, specific grazing regimes
can be implemented to manage alpine
pastures and their biodiversity. In par-
ticular, “temporary night camp areas”
with a high stocking rate can be intro-
duced on undergrazed, shrub-en-
croached areas (Pittarello et al, 2016).
Livestock can be attracted to these
zones though the strategic placement
of mineral-based (Probo et al., 2013) or
molasses-based blocks (Svensk etal,,
2022). The concentration of livestock
activities (defoliation, trampling, trans-
portation of seed and nutrients) in tem-
porary night camp areas and around
points of attraction can be particularly
effective in reducing shrub cover and
increasing herbaceous cover in the
medium term (Probo etal.,, 2016). A
study conducted in the western Alps
found that the botanical composition
changed significantly over a three-year
period, with an increase in plant diver-
sity in the temporary night camp areas
(Pittarello et al,, 2016). Specifically, this
management regime was found to
increase the cover of meso-eutrophic
grassland and fringe and tall herb spe-
cies, while markedly decreasing shrub
and woodland cover.

Conclusions and outlook

As numerous examples in the Alps have
shown, site-adapted grazing manage-
ment which avoids over- and undergraz-
ing is key to promoting the biodiversity
of mountain pastures. One of the fac-
tors that has the greatest impact on the
biodiversity of alpine pastures today is
the implementation of direct payment
schemes designed to govern farming
practices. Direct payment schemes
define rules for minimum stocking
rates, grazing dates and specific grass-
land management regimes (for exam-
ple, shrub clearance, weed control...).
These policies vary from one country to
another and in different regions of coun-
tries in the European Union in line with
rural development plans. Often, how-
ever, they are not geared to the specific
conditions of different mountain sites
and merely define generic thresholds for
individual parameters (stocking rates, for
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example) that must be met to access the
direct payments. As they currently stand,
direct payments cannot prevent shrub
encroachment and the abandonment
of unfavourable zones, and their imple-
mentation is controversial. This processis
further exacerbated by growing pressure
from large carnivores which are reclaim-
ing mountain areas (Boitani & Linnell,
2015). On difficult terrain, protective
measures such as extra fencing, night
camp areas, permanent shepherds and
livestock guardian dogs are costly and
time-consuming. These measures are
difficult, if notimpossible to implement,
especially in the steep, remote areas
most at risk of abandonment. Although
farmers often receive compensation
for the loss of livestock killed by wolves
or bears (Dalmasso etal, 2012), they
seldom graze their animals in regions
where predator levels are known to be
high. Small ruminants, which would be
the most efficient way to control shrub
encroachment and prevent biodiverse
pastures, are especially exposed to wolf
attacks and thus their number is reduced
most (Pauler et al,, 2022).

Climate change also raises ques-
tions about the management of alpine
pastures, and thus biodiversity. Rising
temperatures and evaporation rates will
further complicate the management
of water and the maintenance of site-
adapted grazing pressure in some areas.
On the other hand, the availability of for-
age biomass will increase at higher alti-
tudes where temperature has until now
been a limiting factor (Guggenberger
etal, 2021). Consequently, it will be
necessary to increase grazing pressure
to avoid undergrazing and its negative
consequences for biodiversity. At the
same time, more prolonged periods
of drought will reduce the availability
of fresh forage and force farmers to
develop innovative adaptation strat-
egies to fill the forage gap and avoid
overgrazing during droughts.

There are various ways of responding
to the multiple challenges facing moun-
tain pastures and their biodiversity.
Firstly, results-based policies can pro-
mote new site-adapted management
strategies aimed at preserving the bio-
diversity of alpine pastures. In a recent
study undertaken in the Apennines and

INRAE Productions Animales, 2025, numéro 2

the Alps, Napoleone et al. (2022) high-
lighted that grazing contracts at farm
level and periodic field monitoring can
have a positive influence on fine-scale
grazing intensity. This would facili-
tate the transition from a rules-based
approach to a results-based approach,
in which the desired outcome could be
the persistence of certain species typical
of the habitats in question, for example.
The large-scale implementation of these
systems could allow direct control of the
environmental impact of payments and
raise the environmental awareness of
farmers, encouraging them to gradu-
ally and voluntarily adopt measures to
conserve biodiversity and the associated
ecosystem services (Russi et al., 2016).

Secondly, one climate change adapta-
tion strategy could be the development
of silvopastoral systems where grass-
land is combined with tall-canopy trees
which provide shade and so reduce the
negative impacts of drought on herba-
ceous biomass and thermal stress on
the animals. In addition, several tree
species could supply an additional
source of forage, as they are more resist-
ant to periods of summer drought and
their leaves provide good forage quality
(Ravetto Enri et al., 2020b). Furthermore,
silvopastoral systems characterised by a
mosaic of trees, shrubs and grassland
can create several microclimates which
can support different plant habitats
and communities, thereby increasing
overall biodiversity at farm- and land-
scape-scale, as shown in the woodland
pastures of the Jura (Buttler, 2014). In
this case too, site-adapted manage-
ment must provide long-term grazing
systems designed not only to maintain
the botanical composition of the herb-
age, but also to regenerate the forest
component. Active grazing manage-
ment of extensive areas that have suf-
fered shrub encroachment in recent
decades could help these shrub forests
evolve to become silvopastoral sys-
tems characterised by a patchwork of
grassland and tall-canopy trees. Active
management of the forage resource
provided by the understory could also
minimise the risk of fires. To achieve this
outcome, however, forest management
policies and direct payment schemes
for agriculture, which are currently at
odds, would have to be harmonised.

Thirdly, the transfer of scientific
knowledge to farmers is crucial in an
age when traditional knowledge is
rarely passed on orally. Practitioners can
preserve the biodiversity of their moun-
tain pastures only when knowledge
about the long-term management of
grassland is collected and made easily
accessible to them. Swiss alpine pas-
ture experts have created a website
that explains how to control problem-
atic weeds and shrubs (https://www.
patura-alpina.ch/): the fact sheets and
videos featuring farmers and experts
suggest long-term measures that go
beyond the use of herbicides.

And finally, new technologies can
facilitate site-adapted management
and conserve the biodiversity of moun-
tain pastures. Airborne sensing systems
already provide information about the
condition of grassland, such as the
amount of available biomass, but are
not yet applicable to mountain zones
with a heterogenous structure of vege-
tation. Geographic positioning systems
and supplementary sensors on the ani-
mals allow farmers to track their animals’
whereabouts and see what conditions
they are encountering in real time.
Virtual fencing reduces the workload
associated with installing fences on dif-
ficult terrain and allows livestock to be
managed with greater precision (Probo
et al,, 2024a), for example, by excluding
vulnerable, species-rich grazing zones
on wet days, where trampling damage
could be exacerbated. However, most of
these new systems have been designed
for interior or lowland applications and
for highly productive livestock, and do
not always work effectively in moun-
tain conditions. Furthermore, moun-
tain areas invariably have specific
limitations, such as poor mobile phone
coverage, which make it more difficult
to introduce new technologies. Modern
technologies are also associated with
high costs, so it should be decided on a
case-by-case basis whether they make
sense in mountain systems.
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Abstract

Mountain pastures are among the most biodiverse ecosystems. Moreover, they provide forage, offer essential regulating ecosystem services
to society (e.g., soil carbon storage, water purification, wildfire prevention) and are of great value for tourism. Mountain agroecosystems are
characterised by a wide small-scale variability of abiotic factors, such as altitude, aspect, slope, and bedrock. However, they are not natural,
but the result of human pastoral activity carried out for millennia. Traditional management has utilised the different feeding behaviours
of a variety of livestock species and breeds, as well as their specificimpact on vegetation, such as selective defoliation, trampling, nutrient
redistribution and seed transport. Site-adapted animal selection and herd management techniques, stocking rates, grazing periods and
frequencies have been adapted to ensure a sustainable use of fodder resource and thereby have unintentionally created a habitat of outs-
tanding biodiversity. In recent decades, traditional management has been challenged by socio-economic and environmental changes, direct
payment policies influence farmer decisions, increasing pressure from large predators complicates grazing management, and climate change
alters pasture yield and its seasonal growth. In the face of these challenges, farmers should redefine what site-adapted management means.
Thereby, they must avoid pasture over- and underuse. In underused areas, shrub encroachment leads to a loss of pastureland, biodiversity
and appealing landscape. Management intensification, on the other hand, causes erosion, nutrient leaching and decreases biodiversity as
well. However, new technologies, enhanced knowledge transfer and result-based policies have the potential to promote new site-adapted
management strategies to maintain mountain pasture ecosystems and their biodiversity.

Résumé

Influence de la gestion pastorale sur la conservation de la biodiversité des pdturages de montagne

Les paturages de montagne comptent parmiles écosystémes les plus riches en termes de biodiversité. De plus, ils fournissent du fourrage, offrent des
services écosystémiques de régulation essentiels a la société (par exemple, le stockage du carbone dans le sol, la purification de l'eau, la prévention
des incendies de forét) et sont trés précieux pour le tourisme. Les agroécosystémes de montagne se caractérisent par une grande variabilité des
facteurs abiotiques a petite échelle, tels que I'altitude, l'orientation, la pente et la roche mére. Néanmoins, les pdturages de montagne ne sont pas
naturels, mais le résultat d’activités pastorales humaines menées depuis des millénaires. La gestion traditionnelle a utilisé les différents comporte-
ments alimentaires de différentes espéces et races de bétail, ainsi que leurs impacts spécifiques sur la végétation, tels que la défoliation sélective,
le piétinement, la redistribution des nutriments et le transport des graines. La sélection des animaux et la technique de gestion des troupeaux, le
taux de chargement, la période, la longueur et la fréquence de paturage ont été adaptés aux caractéristiques spécifiques des différents sites afin
de garantir une utilisation durable des ressources fourragéres, créant ainsi involontairement un habitat d’une grande biodiversité. Au cours des
derniéres décennies, la gestion traditionnelle a été remise en question par les changements socio-économiques ; les politiques de paiement direct
influencent les décisions des agriculteurs, la pression croissante des grands prédateurs complique la gestion et le changement climatique modifie
le rendement des pdturages et leur croissance saisonniere. Face da ces défis, les agriculteurs doivent redéfinir ce que signifie une gestion adaptée
au site. lls doivent ainsi éviter la surutilisation et la sous-utilisation des paturages. Dans les zones sous-utilisées, l'envahissement par les espéces
ligneuses entraine une perte de la surface des paturages, de la biodiversité et des paysages attrayants. Lintensification de la gestion, quant a elle,
provoque l'érosion, le lessivage des éléments nutritifs et la réduction de la biodiversité. Toutefois, les nouvelles technologies, 'amélioration du
transfert de connaissances et les politiques axées sur les résultats ont le potentiel de promouvoir de nouvelles stratégies de gestion adaptées aux
sites afin de préserver les paturages de montagne et leur biodiversité.
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