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Abstract Trees and shrubs expanded in the last dec-
ades in European mountains due to land abandonment
and the decrease in grazing pressure, and are expected
to further spread also due to climate change. As a
consequence of low forage quality and topographic
constraints, the management of mountain environ-
ments dominated by woody vegetation with livestock
is often challenging. Silvopastoral systems based on
cattle hardy breeds able to forage on woody plants,
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such as Highland cattle, could be a suitable option
for the management and restoration of such environ-
ments. In this study, we used direct observations to
explore the foraging behavior of Highland cattle in
four study areas across the western Alps. In particu-
lar, we assessed: (1) cattle diet composition, (2) the
selection for more than 30 tree and shrub species, and
(3) the relationships between species consumption
and their abundance in the environment. Highland
cattle fed on a mixture of both woody and herbaceous
species, including between 15 and 46% of woody
plants in the diet. Some trees (e.g., Celtis australis,
Fraxinus spp., and Populus tremula) and shrubs (e.g.,
Frangula alnus, Rhamnus spp., and Rubus idaeus)
were positively selected by cattle, thus they could be
an important forage supplement to their diet. Moreo-
ver, the results highlighted that relative species con-
sumption generally increased with increasing species
abundance in the environment, suggesting that this
cattle breed could be suitable to control shrub expan-
sion in highly encroached areas. The outcomes of this
study can support the development of targeted sil-
vopastoral systems in the Alps.
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Introduction

In European mountains, trees and shrubs expanded
in the last decades to the detriment of open habitats
(mainly pasturelands) due to land abandonment and
grazing pressure decrease, and are expected to further
spread due to the additional effect of climate change
(Espunyes et al. 2019). Such changes resulted in a
general reduction of the ecosystem services associ-
ated to mountain agroecosystems (e.g., forage pro-
duction, protection from natural hazards, and land-
scape aesthetic value) (Faccioni et al. 2019; Schirpke
et al. 2016) and of plant diversity (Koch et al. 2015;
Maurer et al. 2006; Orlandi et al. 2016). Mountain
environments dominated by tree and shrub species are
scarcely exploited by production-oriented livestock,
as they provide lower quality forage than open pas-
tures and are usually located in marginal areas with
rough topography. Indeed, woody plants are generally
characterized by a higher content of lignin and sec-
ondary compounds (e.g., tannins, saponins, alkaloids)
than the herbaceous forage (Mahieu et al. 2021; Sei-
davi et al. 2020). Because of these constraints, many
mountain shrub-encroached grasslands, shrublands,
and forests are left unmanaged and become dense
stands characterized by lower biodiversity (Laiolo
et al. 2004; Zehnder et al. 2020).

Silvopastoral systems with hardy cattle breeds
could be a suitable option for the management of
these environments. Indeed, while production-ori-
ented cattle behave as typical grazers, with grass
as their main forage source, hardy cattle breeds can
include a greater proportion of woody plants in their
diet. For instance, Alberes cattle can feed year-round
with a predominantly woody diet in Mediterranean
forests of the Pyrenees (Bartolomé et al. 2011). In
the Alps, Dexter (Pauler et al. 2022b) and High-
land (Pauler et al. 2020; Svensk et al. 2022) cattle
are acknowledged to feed on woody species as well.
The ability of certain livestock species and breeds
to consume woody plants is linked with microbial
populations in their rumen able to detoxify second-
ary metabolites and degrade lignin. This character-
istic is well documented in goats (Giger-Reverdin
et al. 2020; Silanikove 2000), which are considered
as mixed feeders (i.e., they feed on a mixture of both
herbaceous and woody species) (Hofmann 1989). In
addition to the exploitation of otherwise unused for-
age resources, livestock grazing can be a valuable
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ecological restoration tool to contribute in counter-
acting shrub expansion (Casasis et al. 2007; Ollerer
et al. 2019). Moreover, silvopastoral systems can
favor a better adaptation of mountain farms to climate
change, as woody plants can be an important alter-
native forage during critical grass shortages (e.g., in
summer droughts) and provide shade relief to animals
during hot periods (Sales-Baptista and Ferraz-de-
Oliveira 2021; Vandermeulen et al. 2018b, 2018a).
Due to their robustness and ability to consume
woody plants, Highland cattle were proposed as a tool
to control shrub encroachment in different silvopas-
toral systems and geographic regions, from hetero-
geneous grass-shrub-woodland communities in The
Netherlands (Cromsigt et al. 2018) to coastal dunes
in Belgium (Lamoot et al. 2005), North American
oak savannas (Harrington and Kathol 2009; Hedtcke
et al. 2009), and, more recently, shrub-encroached
pastures in the Alps (Pauler et al. 2019; Svensk et al.
2021, 2022). Particularly, in the Alps, Svensk et al.
(2022) observed that they could damage Alnus vir-
idis (Chaix) DC., which is among the most rapidly
expanding shrub species in Central Europe (Anthelme
et al. 2007), by the combination of foliage direct
consumption, trampling, and mechanical damage
to branches. Pauler et al. (2019) observed that graz-
ing by Highland cattle can improve plant diversity
in Swiss subalpine pastures and reduce shrub cover
more efficiently compared to other cattle breeds.
Despite the ability of Highland cattle to forage
on woody plants in the Alps has been recently docu-
mented in subalpine pastures by Pauler et al. (2020)
and Svensk et al. (2022), no studies explored their
foraging behavior across different mountain silvopas-
toral systems and assessed their feeding preferences
for different tree and shrub species. This information
would be essential to support the possible develop-
ment of silvopastoral systems based on the Highland
cattle breed in the Alps, for instance by improving the
accuracy of carrying capacity calculation in moun-
tain shrub-encroached environments, while address-
ing their restoration. To fill this knowledge gap, we
used direct observations to study the foraging behav-
ior of Highland cattle in four study areas in the west-
ern Alps characterized by contrasting woody vegeta-
tion. Specifically, the aim of this study was to assess
the foraging behavior of Highland cattle in the Alps
based on their diet composition, feeding preferences,
and the influence of species abundance on plant
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consumption and selection. We hypothesized that: (1)
Highland cattle fed on a mixture of both herbaceous
and woody plant species, like in a mixed feeder strat-
egy; (2) some woody plants were positively selected,
i.e., they were palatable to Highland cattle; and (3)
the relative consumption of plant species was influ-
enced by their abundance in the environment.

Methods
Study areas and grazing management

The study was carried out in four paddocks located
along an elevation gradient (480-1745 m a.s.l;
Table 1) and extensively grazed by Highland cattle
herds in the western Alps, i.e., Almese (Piedmont
Region, Italy), Torrette (Piedmont Region, Italy),
Caldane (Piedmont Region, Italy), and Bovonne
(Canton of Vaud, Switzerland) (Fig. 1). The paddocks
were representative of contrasting mountain environ-
ments with varying woody plant cover, ranging from
50 to 100% of shrubs and trees (Table 1). In Almese,
the vegetation was a mosaic of small meso-xerophile
forests, shrublands, and dry-grasslands. Dominant
trees were Fraxinus ornus L., Populus tremula L., and
the alien species Quercus rubra L.; dominant shrubs
were Prunus spinosa L. and Rubus ulmifolius aggr.,
while Bromus erectus Huds., Carex caryophyllea
Latourr., and Chrysopogon gryllus (L.) Trin. were the
most abundant species in the open grassland patches.
In Torrette, the vegetation was a deciduous mesophile

forest dominated by Acer pseudoplatanus L., Fraxi-
nus excelsior L., and Larix decidua Mill. The shrub
Rubus idaeus L. was abundant in the understory and
dominated the open clearings, while Festuca flaves-
cens Bellardi was the most frequent grass. In Cal-
dane, the vegetation was a mosaic of F. excelsior-
and Sorbus aria (L.) Crantz-dominated forests, P.
spinosa and Rosa canina aggr. shrublands, and dry-
grasslands dominated by B. erectus and Festuca ovina
aggr. Bovonne was characterized by meso-hygrophile
communities dominated by A. viridis and by open
mesophilous grasslands. In the grassland patches,
Alchemilla xanthochlora Rothm and Calamagrostis
villosa (Chaix) J.F.Gmel. were the dominant spe-
cies, whereas in the A. viridis understory, Adenostyles
alliariae (Gouan) A. Kern. and Dryopteris dilatata
(Hoffm.) A. Gray were the most abundant species.
Aerial photographs and vegetation maps of the four
paddocks are available in Online Resource 1.

The study was carried out in the grazing season
2021. The paddocks Almese, Torrette, and Caldane
were managed by the same farm. From late April to
mid-June, the herd grazed within the Almese pad-
dock. The animals were then moved to summer pas-
tures in the municipality of Casteldelfino, where the
herd was divided into two groups: a larger group
grazed within the Caldane paddock from late June
to the end of August while a smaller group grazed
within the Torrette paddock from mid-August to
mid-September. Bovonne paddock was grazed for
three weeks in July by a different herd. All herds
were managed under rotational grazing system based

Table 1 Characteristics of the four paddocks of the study (Almese, Torrette, Caldane, and Bovonne)

Almese Torrette Caldane Bovonne
Coordinates 45°06'25.2”N, 44°34'53.8”N 7°05'15.5”E 44°35'14.0”N, 46°16'09.9”N,
(Datum: WGS84) 7°26'32.9”E 7°05'39.2”E 7°06'44.3”E
Elevation (m a.s.l.) 480 1250 1380 1745
Paddock size (ha) 16.3 14.8 19.0 8.3
Share of woody 504 100.0 56.4 61.0
plant communities
(%)
Livestock Units* 154 4.6 12.2 20.7
Herd composition 13 cows, 10 calves, 1 bull 3 cows, 2 heifers, 10 cows, 8 calves, 9 cows, 9 heifers,
2 calves 1 bull 5 calves, 5 young Bulls
Grazing season late April - Mid-August-mid-Sep- Late June—August July
mid-June tember

*According to EU Regulation 2018/1091 of the European Parliament and of the Council, Annex 1
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Fig. 1 Location of the
four study areas (Almese,
Torrette, Caldane, and
Bovonne) in the western
Alps. Basemap: ESRI
Terrain

Bovonne
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0 9 50°_ 100 km

on temporary electric fences. Cows were in the pad-
docks 24 h per day, free to exploit the available
resources without restrictions. Limited amounts of
hay were given at the beginning of the grazing period
in Almese paddock, due to seasonal drought, which
decreased forage availability and quality. Paddock
size, livestock units, herd composition, and grazing
season are reported in Table 1.

Direct observations on livestock foraging behavior

To study the foraging behavior, we used direct
observations adapting the methodology proposed by
Nota et al. (2023) to Highland cattle. Each observer
randomly chose an adult cow (focal animal) and
recorded its foraging behavior during 15 s. observa-
tion sessions followed by 20 s. breaks between each
observation. Each cow was continuously observed for
two hours, on average, before the observer moved to
another focal cow. The identification number of the
cow was recorded. We used the feeding station as
the spatial scale where decisions on plant selection
were made by the cow. According to Bailey et al.
(1996) classification, the feeding station is the front
feet placement explored by grazing animals during
a 5-100 s temporal period. Specifically, we spatially
delimited the feeding station as a buffer area having
a height of 1.5 m from the ground level and a 50-cm
radius around the head of the cow. We assumed
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that all the plants available in this buffer layer were
detectable by the cow and that 1.5-m above ground
corresponded to the maximum height that animals
could exploit (threshold set according to Svensk et al.
2022, confirmed by our field observations). For each
observation session, two variables were recorded:
(1) the plant species relative abundance (SA) and
(2) the plant species relative consumption (SC). The
SA represented the proportion of biomass (ranging
from 10 to 100% and visually estimated with a pace
of 10%) of each species available in the feeding sta-
tion. The SC represented the proportion of biomass
(ranging from O to 100% and visually estimated with
a pace of 10%) of each species consumed during the
15 s. session. All woody plant species, tall herbs and
ferns were identified at the species level. All other
herbaceous species were grouped in a broad category
‘herbage’, as the identification at the species level
through direct observations could be extremely diffi-
cult for such plants, especially in grassland patches.
The nomenclature of plant species followed Aeschi-
mann et al. (2004).

The direct observations were performed during
four days in Almese, Torrette, and Caldane, and three
days in Bovonne, for a total of 11,286 observation
sessions, corresponding to 153 monitoring hours. The
monitoring days were performed approximately once
every week to be representative of cattle foraging
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behavior during the whole grazing period in the
paddocks.

Data and statistical analysis
Diet composition and Jacobs’ selection index

All analyses were performed separately for the four
study areas.

The proportion in the feeding stations (%FS,) of
each woody, tall herb and fern species, and of the
‘herbage’ category was calculated as follows:

SA;
# x 100
Zi=1SAi

where SA, is the abundance of the species i or of the
‘herbage’ category at each observation session.

Then, the overall proportion of woody species in
the feeding stations was obtained by summing the
proportions of all woody plant species. Likewise, the
overall proportion of herbaceous species in the feed-
ing stations was obtained by summing the proportions
of all tall herbs and ferns, and the ‘herbage’ category.

The proportion in the diet (%DIET,) of each
woody, tall herb and fern species, and of the ‘herb-
age’ category was calculated as follows:

2 5C;
%DIET, = <= % 100

n
i=1 i

%FS,; =

where SC,; is the consumption of the species i or of
the ‘herbage’ category at each observation session.

Then, the overall proportion of woody species in
the diet was obtained by summing the proportions of
all woody plant species. Likewise, the overall propor-
tion of herbaceous species in the diet was obtained by
summing the proportions of all tall herbs and ferns,
and the ‘herbage’ category.

To assess plant species selection, we calculated the
Jacobs’ Selection Index (Jacobs, 1974) according to
the following formula:

%DIET, — FS,

Jacobs' Selection Index; =
acons Seleclion A = o DIET, + FS, — 2 x %DIET, S,

Jacobs’ Selection Index ranges between —1
and+1, with positive values representing prefer-
ence (i.e., plant species consumed proportionally

more than their abundance in the environment), val-
ues close to zero representing indifference (i.e., plant
species consumed according to their abundance in
the environment), and negative values representing
avoidance (i.e., plant species consumed proportion-
ally less than their abundance in the environment).
The Index was computed only for plant species being
recorded in at least 20 observation sessions per pad-
dock and encountered by at least three different cows,
to ensure reliability of the results. For the computa-
tion of the Index, %FS; and %DIET; were rescaled to
a 0-1 range.

Relationships between species consumption
and abundance

The relationships between species relative consump-
tion and abundance were scrutinized for two groups
of plants: 1) plant species having the upper range of
recorded SA values>80%; and 2) plant species hav-
ing the upper range of recorded SA values between
50 and 70%. For the first group (= group 1), the data
encompassed a large range of SA values, i.e., from
sporadic presence to dominance in the feeding sta-
tion. The second group (= group 2), instead, included
species with lower dominance at the feeding station
scale.

For both groups, we modeled the SC of plant spe-
cies as a function of SA through Generalized Addi-
tive Models (GAM) assuming a Gaussian distribution
for the response variable. Then, for significant GAM
curves, we predicted SC values at SA=10, 20, 30,
40, 50, 60, 70, and 80% for group 1, and SA =10, 20,
30, 40, and 50% for group 2. For three species which
were never consumed by cattle, we could not model
their SC because of the absence of variance, thus
we attributed zero to all predicted values. To iden-
tify different clusters of plant species based on their
consumption-abundance relationships, we used the
species as response variables and the values predicted
with GAMs as explanatory variables to perform a
hierarchical cluster analysis (distance matrix: Euclid-
ean; algorithm: Unweighted Pair Group Method
with Arithmetic mean, UPGMA). Cluster analyses
were performed separately for group 1 and group 2.
Finally, for each cluster of species resulting from the
cluster analyses, we averaged the predicted values of

@ Springer
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a) Proportions in the feeding stations

Almese Torrette

b) Proportions in the diet

Almese Torrette

I Herbaceous plant species

Caldane Bovonne

14.8%

Caldane Bovonne

15.1%

Woody plant species

Fig. 2 Proportion of woody and herbaceous plant species in a the feeding stations and b in Highland cattle diet in the four study

areas

plant species consumption and plotted the average
consumption-abundance relationships.

The analyses were performed with R Software (R
Core Team 2018). The ‘mgcv’ package (Wood 2011)
was used to fit the GAMs and the ‘vegan’ package
(Oksanen et al. 2020) was used to perform the cluster
analyses.

Results

Diet composition and plant species selection

Thirty different woody plant species were recorded
in Almese, 24 in Torrette, 21 in Caldane, and six in
Bovonne. About tall herbs and ferns, one species was

recorded in Almese, six in Torrette, none in Caldane,
and 18 in Bovonne.

@ Springer

The proportion of woody species in the feeding
stations used by Highland cattle ranged from 14.8%
in Bovonne to 44.6% in Torrette (Fig. 2a). The pro-
portions in the diet showed similar patterns to those
in the feeding stations, with the lowest proportion of
woody species in Bovonne (15.1%), intermediate pro-
portions in Almese and Caldane (28.6% and 26.2%,
respectively), and the highest in Torrette (45.8%)
(Fig. 2b).

In Almese, the most consumed woody species
were Frangula alnus Mill. (3.3% of the diet), P. spi-
nosa (2.9%), and F. ornus (2.9%). Rubus idaeus
accounted for about 40% of the diet in Torrette, while
P. spinosa (4.8%) and R. ulmifolius aggr. (2.7%)
were the main woody plants browsed in Caldane. In
Bovonne, A. viridis accounted for about 12% of cattle
diet. The complete list with all recorded woody and
tall herb and fern species, the corresponding number
of observations, number of cows that encountered the
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a) Almese b) Torrette
Ailanthus altissima Acer pseudoplatanus
Betula pendula Coryl lu§ av'\{ellana
Calluna vulgaris Dryopteris filix-mas
Celtis australis Fraxinus excelsior
Crataegus monogyna Laburnum alpinum
Frangula alnus Lonicera xylosteum
Fraxinus excelsior Ribes uva-crispa
Fraxinus ornus Rosa canina aggr.
Ligustrum vulgare Rubus idaeus
Populus tremula 1.0 05 00 05 10
Prunus mahaleb ,
Prunus serotina Jacobs' Index
Prunus spinosa
Pteridium aquilinum (RGN
Quercus pubescens/petraea
Quercus rubra
Robinia pseudoacacia
Rosa canina aggr.
Rubus ulmifolius aggr.
Ulmus minor
-1.0 -0.5 0.0 0.5
Jacobs' Index
c) Caldane d) Bovonne
Corylus avellana Aconitum napellus
Crataeggs monogyna Adenostyles alliariae
Fraxinus excelsior Alchemilla xanthochlora
Prunus spinosa Alnus viridis
Rhamnus alpina Caltha palustris
Rhamnus cgthartlca Chaerophyllum hirsutum
Rosa canina aggr. Cicerbita alpina
Rubus ulmifolius aggr. Dryopteris dilatata
Sambucus nigra Equisetum sylvaticum
Sorbus aria Gentiana lutea
Ulmus minor Geranium sylvaticum
1.0 .05 0.0 05 Picea abies
Jacobs' Index Ranunculus aconlt/follu_s
Rumex alpestris
Rumex alpinus
Salix hastata
Sorbus aucuparia
Veratrum album
I Tall herb and fern species 1.0 05 00 05 10

Woody plant species

Jacobs' Index

Fig. 3 Jacobs’ Selection Index of woody and tall herb and fern species in a Almese, b Torrette, ¢ Caldane, and d Bovonne study
areas. Positive values indicate preference, values close to zero indicate indifference, negative values indicate avoidance

species, and the proportions in the feeding stations
and in cattle diet is reported in the Online Resource 2.

According to Jacobs’ Selection Index, plant spe-
cies selection showed a large variability depending on
species identity (Fig. 3a—d). Cattle expressed prefer-
ence for broadleaf trees such as Celtis australis L.,
P. tremula, F. ornus, and Quercus species (i.e., Q.
rubra and Q. pubescens/petraea), and shrubs such as
F. alnus, Sambucus nigra L., R. idaeus, and Rham-
nus species (i.e., R. alpina L. and R. cathartica L.).
Instead, they were rather indifferent (i.e., the relative
consumption was equal to their abundance) towards
A. pseudoplatanus, A. viridis, Picea abies (L.) H.
Karst., and the alien tree Robinia pseudoacacia L.
Spiny shrubs (i.e., Crataegus monogyna Jacq., P. spi-
nosa, and R. canina aggr.) were moderately avoided,

while Calluna vulgaris (L.) Hull., Laburnum alpinum
(Mill.) Bercht. & J. Presl, and the alien tree Ailanthus
altissima (Mill.) Swingle were strongly refused. For
some species, the selection differed depending on the
study area, such as for Corylus avellana L. (avoided
in Torrette and indifferently consumed in Caldane),
F. excelsior (preferred in Almese and Caldane and
avoided in Torrette), R. ulmifolius aggr. (avoided
in Almese and indifferently consumed in Caldane),
and Ulmus minor Mill. (preferred in Almese and
avoided in Caldane). Among tall herbs, preference
was expressed, for instance, towards Alchemilla
xanthochlora Rothm., Cicerbita alpina (L.) Wallr,
and Ranunculus aconitifolius L., whereas Aconitum
napellus L., A. alliariae, Gentiana lutea L., and Vera-
trum album L. were strongly avoided (Fig. 3d). About

@ Springer
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Acer pseudoplatanus - TOR Adenostyles alliariae = BOV Alnus viridis = BOV

Betula pendula - ALM Celtis australis = ALM Corylus avellana - CAL

P <0.001, R? =0.567 P <0.001, R? =0.204 P <0.001, R?=0.336

P <0.001, R? = 0.648 P<0.001, R? = 0.542 P<0.001, R? = 0.468
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Corylus avellana - TOR Crataegus monogyna - ALM

Dryopteris filix-mas - TOR

Frangula alnus - ALM Fraxinus excelsior - CAL Fraxinus excelsior - TOR

P <0.001, R? = 0.269 P <0.001, R? = 0.486

P <0.001, R?=0.381

P<0.001, R?=0.513 P <0.001, R? = 0.490 P <0.001, R? = 0.305

Fraxinus ornus - ALM Gentiana lutea -~ BOV

Ligustrum vulgare - ALM

Lonicera xylosteum — TOR Picea abies - BOV Prunus mahaleb - ALM

P <0.001, R? =0.437 P <0.001, R? = 0.400
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P <0.001, R?=0.518 P<0.001, R? = 0.494 P<0.001, R? = 0.892
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Prunus serotina - ALM Prunus spinosa - ALM Prunus spinosa — CAL

Pteridium aquilinum - ALM Quercus rubra - ALM Rhamnus alpina - CAL

P <0.001, R? = 0.604

1004 <. = 3
80
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P <0.001, R?=0.397 P <0.001, R?=0.291

Species relative consumption (%)

P=0.002, R?=0.225

P<0.001,R2=0.754

Rubus idaeus - TOR Rubus ulmifolius aggr. - ALM

Rubus ulmifolius aggr. - CAL

Rumex alpinus - BOV Ulmus minor - ALM Veratrum album - BOV

P <0.001, R?=0.581 P <0.001, R? =0.391 P <0.001, R? = 0.466

P <0.001, R? = 0.681

P<0.001, R2=0.643

P>0.05

20 40 60 80

100 0 20 40 60 80

Species relative abundance (%)

Fig. 4 Relationships between species relative consumption
and species relative abundance modeled with Generalized
Additive Models for group 1 (upper range of species abun-
dance values>80%) of plant species. Gentiana lutea and
Pteridium aquilinum showed no consumption and thus were

ferns, Pteridium aquilinum (L.) Kuhn and Dryopteris
filix-mas (L.) Schott were strongly and moderately
avoided, respectively, while D. dilatata was positively
selected.

Relationships between species consumption and
abundance

Group 1 and group 2 of plant species included 30 and
18 plants, respectively. The relationships between
species consumption and abundance resulting
from the GAMs for each plant are shown in Figs. 4
and 5. Notably, only one species, V. album, had a p
value >0.05. Consequently, we opted not to apply
a GAM for predicting its SC. Given that V. album
featured 568 observations with SC=0, except for
one observation with SC=0.2 (with SA=0.2) and
another with SC=0.1 (with SA=0.1), we assumed
predicted SC values of O for these two species as well
(as for Gentiana lutea and Pteridium aquilinum).
For most of other species, the relative consumption
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not modeled due to the variance equal to 0. R? and p-values
are provided in each chart. The gray line is the identity line.
Study areas: ALM = Almese, TOR =Torrette, CAL =Caldane,
BOV =Bovonne

increased with increasing abundance in the feeding
station, although the shape and slope of these rela-
tions differed among plants.

The cluster analyses performed with the values
predicted with GAMs showed four clusters of species
for both group 1 and group 2: 1A, 1B, 1C, and 1D
for the first group (Fig. 6a) and 2A, 2B, 2C, and 2D
for the second one (Fig. 7a). Each cluster of species
was characterized by a distinct relationship between
species consumption and abundance and represented
a different level of selection by cattle (Figs. 6b and
7b). Particularly, for the plants belonging to clusters
1A (e.g., F. ornus and Q. rubra) and 2A (e.g., D.
dilatata), the relationship showed the greatest slope
in the first part of the curve compared to all other
curves. These species were consumed more than pro-
portionally to their abundance in the feeding station
(i.e., they were preferred), also at low SA values. The
species belonging to clusters 1B (e.g., A. viridis and
R. idaeus) and 2B (e.g., R. pseudoacacia) were con-
sumed less than proportionally to their abundance at
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low SA values, then more than proportionally when
SA were>20-30%. For the species belonging to
clusters 1C (e.g., C. avellana and P. spinosa) and 2C
(i.e., R. canina aggr. and S. aria), species consump-
tion was less than proportional to their abundance,
except at very high SA values (>70%). The species
belonging to clusters 1D and 2D showed a very low
consumption (< 10%) and were consistently avoided
by cattle regardless of their abundance in the feeding
station. Among these species, G. lutea, L. alpinum,
and P. aquilinum showed no consumption (Fig. 4 and

5). The selection of plant species by cattle as resulting
from the consumption-abundance relationships was
coherent with Jacobs’ Selection Indices.

Discussion
This study allowed to explore the foraging behavior
of Highland cattle in contrasting Alpine environments

characterized by abundant woody vegetation. Based
on diet composition, we accept our first hypothesis
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Fig. 7 a Dendrogram and b relations between species relative
consumption and abundance for group 2 (upper range of SA
values > 50 and <70%) of plant species. Different colors high-
light different clusters of species (i.e., 2A, 2B, 2C, and 2D). In
panel b, values are means and bars are standard errors, and the

that Highland cows fed on a mixture of herbaceous
and woody plants in all study areas, indicating they
behaved as mixed feeders in these environments.
Our data of woody plants proportion in cattle diet
(15-46%) fall within the range reported by other stud-
ies performed with the Highland breed in silvopas-
toral systems worldwide (14-21% in Lamoot et al.
2005; 21-60% in Hedtcke et al. 2009; around 20%
in Cromsigt et al. 2018; around 10% in Pauler et al.
2020). Interestingly, in our study such proportion of
woody plants eaten (15-46%) mirrored their propor-
tion in the feeding stations (15-45%) and suggested
that cows adapted the diet to the vegetation available
in the foraging areas they encountered while graz-
ing. The results also showed that diet composition
varied among the different paddocks, likely because
of differences in terms of resource availability and
forage quality (Bartolomé et al. 2011; Iussig et al.
2015; Mandaluniz et al. 2011; Pauler et al. 2020). For
instance, we suggested that cows consumed the larg-
est proportion of trees and shrubs in Torrette because
they were very abundant in the paddock (100% of the
paddock dominated by woody plants), with R. idaeus
being a good forage resource (Mahieu et al. 2021),
whereas available herbaceous plants (e.g., F. flave-
scens) were less palatable. Contrarily, in Bovonne,
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Study areas: ALM = Almese, TOR =Torrette, CAL =Caldane,
BOV =Bovonne

trees and shrubs accounted for the lowest proportion
of the diet (15%) probably because cows preferred to
spend more time in open areas to graze on high qual-
ity herbaceous forage (with abundance of e.g., Fes-
tuca nigrescens and Phleum rhaeticum; Svensk et al.
(2022) compared to the other sites where grasses
were of poorer forage quality (e.g., F. ovina aggr. and
B. erectus in Almese and Caldane).

Results based on Jacobs’ Selection Index and
consumption-abundance relationships were coher-
ent and confirmed our second hypothesis that some
woody plants were palatable to Highland cattle and
could represent an important forage resource in sil-
vopastoral systems. For instance, leaves of C. austra-
lis, P. tremula, and F. ornus were positively selected
by cows. Celtis australis is considered a nutritious
and high palatable forage species (Singh et al. 2010),
while P. tremula is of intermediate quality (Hejc-
manova et al. 2014). Fraxinus ornus is acknowledged
as an important browse species for goats in Medi-
terranean environments (Papachristou et al. 1999;
Papachristou and Papanastasis 1994). Fraxinus excel-
sior, which has high forage quality (Hejcmanova
et al. 2014; Ravetto Enri et al. 2020), was positively
selected by cows too, except in Torrette study area.
The avoidance for this species observed in Torrette
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may be explained by the age of the plants, as in this
paddock there were abundant F. excelsior seedlings
about 20-cm tall, whereas in the other sites the trees
were mainly adult and the cows fed on their lowest
branches. The reduction in plant chemical defenses
and increase in herbivory with increasing plant age
has been documented for some trees (Boege and
Marquis 2005). Other plants largely appreciated by
cows as browse species were the shrubs F. alnus, S.
nigra, and R. idaeus, in line with their high nutritional
quality (Mahieu et al. 2021). The leaves of Rham-
nus species (R. alpina and R. cathartica) were posi-
tively selected too, despite their bark and berries are
acknowledged for the presence of toxic compounds
(e.g., anthraquinones; Wink 2010). Interestingly, the
alien invasive tree Q. rubra was palatable to High-
land cattle, whereas cows expressed indifference for
the alien invasive tree R. pseudoacacia, and totally
refused the alien invasive tree A. altissima, which is
rich in secondary compounds (Kowarik and Sdumel
2007). Selection of A. pseudoplatanus and C. avel-
lana, typical species of European temperate forests,
ranged from indifference to avoidance. This result
agrees with the low forage quality of their leaves
(i.e., low digestibility and high phenols concentra-
tion) as documented in literature (Mahieu et al. 2021;
Papachristou and Papanastasis 1994; Ravetto Enri
et al. 2020). As recently observed by Svensk et al.
(2022), Highland cattle fed on A. viridis leaves, which
were consumed according to their abundance in the
environment. Despite its moderately high tannin con-
centration (Stevi¢ et al. 2010), this shrub’s foliage is
rich in protein (Biihlmann et al. 2016; Pauler et al.
2022a) and could represent an important constituent
of cattle diet in subalpine pastures. When foraging in
A. viridis shrublands, cows expressed a strong selec-
tion towards understory species, as they preferred to
graze C. alpina and the fern D. dilatata while com-
pletely avoiding other frequent tall herbs such as A.
alliariae and the toxic A. napellus and V. album.
Additionally, according to its well-known poisonous
effects for livestock species (Marrs and Watt 2006),
the fern P. aquilinum was totally refused in Almese.
Finally, cows expressed neutral to negative selection
for spiny shrubs such as C. monogyna, P. spinosa, R.
canina aggr., and R. ulmifolius aggr. Despite the leaf
quality of such shrubs is rather high (excellent in P.
spinosa; Mahieu et al. 2021), spines represented an
important deterrent to browsing. Despite these novel

and interesting outcomes, the selection for some of
the plant species we studied, although commonly
distributed in Alpine environments, was based on the
data from only one paddock. Paddocks were charac-
terized by different ecological, botanical, manage-
ment, and seasonal conditions, which affected plant
species selection. Consequently, these results should
be viewed as a first finding about Highland cattle for-
aging behavior in the Alps.

The information about cattle feeding preferences
obtained with this study could contribute to a bet-
ter definition of the forage provision and the vegeta-
tion carrying capacity in silvopastoral systems man-
aged with Highland cattle. Indeed, in the Alps, the
computation of the vegetation carrying capacity has
been developed for pastures and is based on the qual-
ity indices of herbaceous plants, which represent the
main forage source for conventional cattle breeds,
whereas trees and shrubs are generally considered
with low nutritional value for domestic ruminants.
For instance, several indices of specific quality tar-
geted for herbaceous plants (Cavallero et al. 2007,
Roggero et al. 2002) have been defined for the calcu-
lation of the pastoral value sensu Daget and Poissonet
(1971). The inclusion of woody plants in the esti-
mation of the vegetation carrying capacity, such as
through the definition of their specific quality indices
(see for example the study by Gusmeroli et al. 2007),
could help a better and sustainable management of
these mountain environments.

Finally, based on consumption-abundance rela-
tionships, we accept our third hypothesis that species
consumption was influenced by their abundance in
the feeding station. Particularly, most of the species
were increasingly consumed when they were increas-
ingly available to cows. These results agree with other
studies on grass (Agnusdei and Mazzanti 2001; Chen
et al. 2015) and woody (Elias and Tischew 2016) spe-
cies performed at the pasture scale. Exceptions to this
trend were the strongly avoided species, i.e., those
of clusters 1D and 2D, which were seldom or never
eaten regardless of their abundance, probably because
of high unpalatability and toxicity issues. Interest-
ingly, consumption-abundance relationships showed
that the selection by cattle for some species (i.e., clus-
ters 1B, 2B, and 1C) varied from avoidance to pref-
erence along the gradient of increasing species abun-
dance. This trend may be explained in the context of
momentary maximization theories, which assume
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that animals select the best available alternative at
any given time (Bailey et al. 1996; Senft et al. 1987).
Particularly, the most palatable plants in the feeding
station are selected until palatability of remaining for-
age decreases to a threshold value, then cows move
to another feeding station. The threshold value is
not fixed but increases when animals encounter high
quality plants and decreases with lower quality plants
(Bailey et al. 1996; Senft et al. 1987). According to
this interpretation, when cows are foraging in a feed-
ing station highly encroached by tree and shrub spe-
cies of medium—low palatability (i.e., those of clus-
ters 1B, 2B, and 1C), the threshold decreases and the
consumption and selection on these plants increase.
Conversely, when these species are occasionally pre-
sent in the feeding station, they are avoided as cows
prefer to forage on more palatable species. In this
regard, we highlight that Jacobs’ Selection Index
was ineffective to detect changes of species selection
along the gradient of increasing abundance as it only
provides an overall selection value. Consumption-
abundance relationships, instead, allowed to scru-
tinize more thoroughly feeding preferences, high-
lighting how some generally avoided plants can be
positively selected when their abundance is high. This
behavior has implications especially for species like
A. viridis, P. spinosa, R. canina aggr., and R. ulmifo-
lius aggr., whose encroachment into open grasslands
represents a crucial issue in European mountains due
to land abandonment (Casasus et al. 2007; Verdinelli
et al. 2022). Our results highlighted that browsing on
these species is more effective when cows are forag-
ing in highly encroached patches rather than when
these species are sparsely distributed within a matrix
of more palatable species. Silvopastoral systems with
the Highland breed may thus represent a management
tool to control undesirable woody plant species, par-
ticularly when cows exploit highly encroached areas.
Increases in the animal stocking rates (Pauler et al.
2022b) and the use of attractive points (Pittarello
et al. 2016; Svensk et al. 2022) could further contrib-
ute to intensify the impact of cattle on target trees and
shrubs.

Conclusions

This study showed that Highland cattle had a mixed
diet consisting of both woody and herbaceous plants,
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suggesting that silvopastoral systems based on this
breed could be a valuable option for the manage-
ment and restoration of abandoned environments in
the Alps. Some trees (e.g., Celtis australis, Fraxinus
spp., and Populus tremula) and shrubs (e.g., Frangula
alnus, Rhamnus spp., and Rubus idaeus) were very
palatable to Highland cattle, thus can be an impor-
tant forage resource and a supplement to cattle diet.
In addition, our results highlighted that cows gener-
ally increased the consumption of plant species with
their increasing abundance in the feeding station,
suggesting that this breed may be suitable to control
shrub expansion in highly encroached areas. Further
research should integrate foraging behavior evalua-
tions with tree and shrub forage quality and animal
performance analyses. Moreover, the effects of the
grazing management with Highland cattle on the res-
toration of shrub-encroached grasslands, shrublands,
and forests should be assessed in the long term.
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