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Featured Application: Montado is an agro-silvo-pastoral ecosystem characteristic of the south
of Portugal, which is called Dehesa in Spain. Due to the interactions between its fundamen-
tal components—soil, pasture, trees, and animals—it is considered a highly complex ecosystem.
Therefore, there are no scientific works published in which these interactions are evaluated si-
multaneously. This review paves the way for carrying out work that integrates the four funda-
mental components, with the greatest need to study the effects of grazing animals on soil, pasture,
and trees.

Abstract: Montado is an agro-silvo-pastoral ecosystem characteristic of the south of Portugal and
called Dehesa in Spain. Its four fundamental components—soil, pasture, trees, and animals—as well
as the climate make Montado a highly complex ecosystem. This review article provides an overview
of the state of the art of Montado from the point of view of the agro-silvo-pastoral ecosystem and
the scientific work carried out in this context. Thus, the aim is: (i) to describe and characterize the
Montado ecosystem, as an agro-silvo-pastoral system; (ii) to reveal experimental tests carried out,
technologies used or with the potential to be used in the monitoring of Montado; (iii) to address
other technologies, carried out in similar and different agro-silvo-pastoral ecosystems from south
Portugal. This review consists of three chapters: (a) components of Montado and their interactions;
(b) advanced technologies for monitoring Montado; (c) grazing systems. No review article is known
to provide an overview of Montado. Thus, it is essential to carry out research on grazing and its
effects on the soil and pasture in the Montado ecosystem.

Keywords: Montado ecosystem; continuous grazing; deferred grazing; Alentejo; precision agriculture;
sensors; Dehesa; complexity; climate

1. Introduction

Montado is a multifunctional agro-silvo-pastoral ecosystem, characteristic of the
Mediterranean region [1]. This ecosystem is made up of four fundamental
components—soil, pasture, trees, and animals—which are interconnected, influencing
each other [2]. Montado is also influenced by the Mediterranean climate, character-
ized by a great variability in precipitation and temperature in each year and between
years [3]. For these reasons, Montado is considered an ecosystem of great complexity
and variability, both spatial and temporal [4].

Although at times the intervention of humans has proven to be harmful to the Montado
ecosystem, their role is fundamental for preserving the attributes that characterize Montado
(non-climax community) so that it does not degenerate again into a Mediterranean forest.
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This review takes a journey through time, from the beginnings of Montado to the
present day. Our intention is to show research work carried out in Montado or in similar
ecosystems and production systems, with the aim of improving production efficiency,
contributing to the conservation of natural resources, and ensuring animal welfare. The
focus emphasizes the last 20 to 30 years, aiming at characterizing and describing the Mon-
tado ecosystem. Its conservation/improvement is essential for environmental, productive,
social, and economic reasons. To make this happen, it is crucial to monitor this ecosystem.
Understanding its genesis, as well as the technological tools and technical options for agri-
culture, can lead to the greater profitability of production systems without compromising
environmental issues and animal welfare.

One of modern agriculture’s significant challenges is the creation of production sys-
tems that combine low input levels with high food production efficiency and minimal
environmental impacts [5]. These authors’ statements imply the concept of sustainable
intensification, which is very important nowadays in agricultural systems. Therefore,
sustainable intensification involves improving the efficiency of production systems and
increasing productivity per hectare, with a minimum use of production factors.

The first steps consist usually of the characterization and evaluation of the soil and
pasture. Traditional methods include collecting samples in a limited area and subsequent
laboratory procedures [6]. These processes imply great investment in terms of time and
human resources, making them quite expensive [7]. However, several expeditious
technologies currently allow for characterization and evaluation without resorting to
traditional methods, allowing for fast, large-scale measurements while correlating well
with laboratory results [8].

In recent years, two or three research groups have carried out research work in
Montado and Dehesa (Portugal and Spain, respectively). In Portugal, the research group’s
works are authored by Serrano et al., and in Spain, the teams are authored by Marcos et al.
and Moreno et al.

We are still determining the existence of other published review works on Montado,
which simultaneously integrate its general characterization and the expeditious technolo-
gies available for Montado monitoring and grazing issues. This seeks to pioneer concerning
the description and integration of the Montado ecosystem as a whole.

This article aims to: (i) describe and characterize the Montado ecosystem, as an agro-
silvo-pastoral system; (ii) reveal experimental tests carried out and technologies used or
with the potential to be used in the monitoring of Montado; (iii) acknowledge other works
carried out in similar and different conditions from ours, for eventual replication or not, in
the Montado; (iv) provide a structure for future research work.

2. The Montado Ecosystem

Montado is characterized by an arboreal stratum formed by trees with open canopies,
dominated by holm oaks, cork oaks or other quercines (Quercus genus), and by herbaceous
annual species and shrubs [9]. So, it is an agro-silvo-pastoral ecosystem, multifunctional,
and characteristic of the Alentejo region in Portugal, where agricultural, livestock and
forestry, beekeeping, forestry, hunting, and tourism activities are combined [1,9-11]. This
agro-silvo-pastoral system, typical of semi-arid Mediterranean conditions, is called “De-
hesa” in Spain. In the Iberian Peninsula, Montado occupies 73,000 Km? (7,300,000 ha),
where cork oaks (Quercus suber L.), holm oaks (Quercus rotundifolia Lam.), and black oaks
(Quercus pyrenaica Willd.) are found [12,13]. In Portugal, the Montado represents 33% of
the forest area [14,15]. A recent work mentions that the Portuguese territory is occupied by
1 million hectares of Montado [16]. Figure 1 shows the distribution of Montado/Dehesa in
the Iberian Peninsula.
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Figure 1. Distribution of Montado and Dehesa in Portugal and Spain. Adapted from [13].

Montado, as found nowadays, is the result of an evolution of the Mediterranean forest,
shaped by different agrarian policies and, consequently, by the human presence [17]. The
opening of the Mediterranean woodland and the maintenance of grazing and agricultural
practices in its understory led to the Montado ecosystem [18].

This ecosystem originated by interactions between humans, who lived in this region,
and nature, shaping it over time to meet their survival needs [19]. Over the centuries, the
original Mediterranean ecosystem was changed into an agro-silvo-pastoral ecosystem
associated with extensive land holdings [17]. Until 1880, the use of Montado was more
similar to the current use in modern times, with livestock (mainly sheep and Iberian pigs,
but also some goats and cows) being the animal’s fundamental element of this ecosystem.
After 1880, the development of new cultural techniques, especially for cereals, and the
progress of roads and railways led to the creation of a cultivated Montado, decreasing the
area of the traditional Montado [17]. Natividade [20] states that, until 1850, Montado was
dense scrubland governed only by natural laws, without direct human intervention and
with very fertile soils, where sporadic ground clearance by fire facilitated spontaneous
regeneration. With the national policies that promoted the intensification of cereal
production (in the early twentieth century until 1918; the wheat campaign between 1929
and 1935, lasting until the end of World War II; and the agrarian reform between 1975
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and 1979), the trees of Montado were eliminated, and the landscape became clean and
treeless (Figure 2a), distinct from the traditional Montado (Figure 2b) [11,17].

Figure 2. Montado Ecosystem devoid of trees for cereal production (a) and traditional Montado with
greater tree cover (b).

All these stages of cereal production, namely, wheat, led to significant soil degradation
due to deforestation by burning, cutting down trees, successive tillage with heavier farm
implements, and, consequently, erosion [17,19]. Until the mid-twentieth century, the
agricultural activity in Montado was based on rotations, starting with wheat, followed
by barley or oats, with variable duration, based on soil fertility [20,21]. These cultural
practices led to the degradation of this ecosystem, mainly by the tillage technique, which
damaged the soil structure and the tree roots. Natividade [20] also mentions that the
cultivation of Montado led to higher crop yields and acorns and lower risks of fires,
highlighting that Montado provided cork, cereals, firewood, and meat as a result of the
greatly intensified production in this ecosystem. The disturbance of the soil structure
influences seed germination factors, such as water content, temperature, light, oxygen, and
nitrates (Wicks et al., 1995; Botto et al., 1998) cited by [22]. In addition to this action, soil
disturbances also influence the location of seeds in the soil profile and thus can promote
or inhibit the germination status [23,24]. However, a crop rotation of 1 or 2 years, which
includes a pasture, leads to an improved soil structure and increased organic matter (OM)
content, interrupting the life cycles of pests and weeds and also contributing to the natural
fertilization of the soil [25].

The disappearance of trees and livestock on these plots, associated with soil mobiliza-
tion, contributed to the reduction in OM, leading to the import and application of chemical
fertilizers to make up for the loss of wheat production [17]. On the other hand, the intense
emigration in the 1960s from Portugal to some countries in northern and central Europe
and the incipient mechanization of agriculture at this time led to the abandonment of land
and agricultural activities, allowing for the appearance of bushes, both in the traditional
Montado and in areas transformed into plots of arable land for cereal production [17]. It
should be noted that, throughout the 20th century, many management options for Montado,
its soils, animals, and vegetation, were selected based on policies that were not very appro-
priate for the reality of Montado and the region where it is located [19]. Often, these policies,
emanating from the European Economic Community, did not consider the specificities of
the region, nor its resources or ecological and cultural values [19]. As a result, the decisions
taken could have been more assertive for promoting the sustainability and productivity of
Montado in a balanced way.
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On the other hand, the appearance of the African swine fever in the second half
of the 20th century contributed to the decrease in the production of the Montanheira
pig, resulting in more emphasis on the production of ruminants, namely, beef cattle.
Grazing in Montado plays a crucial role in its maintenance, as it prevents the proliferation
and development of shrub species, such as cistus (Cistus ladinifer L.) and the Montado
sargassum (Cistus salvifolius L.) [10].

The stability and sustainability of Montado result from human intervention in the
original Mediterranean woodland that, although in some periods has been profound
and continued, has respected the limits of the ecosystem [19]. If the action of humans
ceases, the Montado tends to return to Mediterranean woodland. However, we must
reinforce that humans have also contributed to the destruction of many hectares of
Montado, through the intensification of crops, leading to a decrease in biodiversity and
the stability of the landscape created [17]. The Montado landscape that we recognize
today has been affected by human actions which resulted from a combination of socioeco-
nomic and ecological factors, which created an ecosystem of high biological and cultural
value [11,19,26,27]. Montado is thus a non-climax community, maintained in equilib-
rium by human action. Although with some negative actions by humans, Montado is
considered a valuable habitat due to the tremendous biological diversity it supports [28].
Associated with the production systems in Montado are the rural settlements in the
villages and agricultural holdings [17]. Montado is also considered a High Nature Value
(HNYV) production system, according to the classification proposed by the European En-
vironmental Agency for agricultural and silvo-pastoral systems [11]. Recently, Montado
has been defined as a mixed ecosystem, agro-silvo-pastoral, consisting of a herbaceous
stratum where permanent pastures predominate and an arboreal stratum with a special
incidence of cork oaks and holm oaks, grazed by animals (sheep, cattle, goats, and pigs)
in an extensive regime [4]. However, due to the decreasing economic importance of
agricultural crops under Montado, namely, cereals, Montado tends to be considered,
currently, as a silvo-pastoral system, where the production of beef cattle became very
accentuated, right at the end of the last century, due to the incentives associated with
this type of production.

Currently, in order to preserve and improve the Montado ecosystem, farmers are
subsidized through various mechanisms linked to packages of ecosystem services (such as
the improvement of soil fertility), through the Common Agricultural Policy [16].

It was in 1320 that the first reference to cork harvesting was recorded. In the 15th
century, Portugal was exporting cork to northern Europe, originating from Montados,
which also provided grazing for livestock—the primary resource of the population [20].
Currently, the Montados and Portuguese Cork oak forests produce over 50% of the
world’s cork [9]. The economic value of cork as a product of Montado is unquestion-
able, as well as the importance of Portugal in the world framework of cork production
and processing [11,19].

Furthermore, Montado has a high animal and plant biodiversity [10]. In terms of
terrestrial vertebrates alone, it supports more than 130 species, something that in Portugal
is only surpassed by riparian habitats [10]. It is no mere coincidence that one of the habitats
with the greatest number of faunal species is precisely one where man has his presence [10];
additionally, as paradoxical as it may seem, human activity in the Montado has been the
ultimate cause of this biodiversity.

2.1. Climate Characteristics

Montado is located in a geographical region influenced by the Mediterranean cli-
mate. The designation of Mediterranean climate comes from the fact that its extensive
area of influence is located in the Mediterranean Sea basin. However, it is also present in
California, Chile, South Africa, and Australia [27]. According to Feio [3], the Mediter-
ranean climate is the only climate on earth with the particularity of presenting a hot
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summer lasting more than four months, associated with a high irregularity in precipita-
tion, both inter- and intra-annually.

Fonseca [19] states that the values of accumulated annual precipitation in the Mediter-
ranean region vary between 300 and 800 mm. It is, therefore, a climate characterized by
a remarkable seasonality and by a marked interannual irregularity, with the occurrence
of rainy years and dry years, in a bimodal frequency distribution (Nahal, 1981), cited
by [15,17,29]. Between 1865 and 1990, in Seville, Spain, the values of accumulated annual
precipitation varied between 400 and 1000 mm, with a mean value of 572 mm [26]. Marcos
et al. [30] report annual precipitation values of 500 to 600 mm for the Extremadura region
in Spain. In a time series between 1871 and 2007, for the Evora meteorological station, the
average accumulated annual precipitation was 627 mm, with a minimum value of 203 mm
in 1991 and a maximum value of 1186 mm in 1895 [31]. From data available at [31], we can
see that, over time, the average annual rainfall has been decreasing: between 1900 and 2007,
the average annual rainfall was 624 mm; between 1950 and 2007 it was 608 mm; between
1970 and 2007 it was 588 mm; between 1990 and 2007 it was 551 mm; and between 2000
and 2007 it was 538 mm. These values may highlight climate change and the decrease in
the amount of annual precipitation in the Mediterranean region.

More recent data for the agricultural years 2015/2016, 2016/2017, and 2017 /2018
report values for cumulative precipitation for the Evora region (Alentejo) of 547 mm,
421 mm, and 612 mm, respectively [2]. However, in the same region, in the 2018/2019
crop year, there was only 315 mm of precipitation, while in the following year, this value
already reached 627 mm [32]. The annual cumulative precipitation in this region ranges
from 300 to 650 mm, distributed mainly between October and March [15,32]. However,
other regions of the world, where the Mediterranean climate is also felt, have different
average precipitation values. Something similar occurred in the Perth region in southern
Australia, where the average annual cumulative precipitation, for the period 1992 to
1994, was only 327 mm [33].

In this climate, natural droughts are recurrent. The severity of drought is increasing
and may be even greater due to climate change and human action [34]. In a region
called I’Abruzzo, in central Italy, an increase in the mean annual temperature of 1.7 °C
was recorded between 1950 and 2014, which translates into a 0.26 °C increase, for each
decade [35]. It is common in the Alentejo region to have several days with temperatures
above 40 °C in summer and with minimum temperatures below 0 °C in winter [19,32]. In
the Estremadura region, the average minimum temperature recorded was 3.4 °C, and the
average maximum temperature was 35.6 °C [30].

The irregularity of rainfall, combined with hot and dry summers and winters, although
rainy, with temperatures often below vegetative zero, means that grass production in the
Montado is also very irregular. In a comparison of the average monthly temperature
between 1981 and 2010 and between September 2015 and August 2018 for this region, the
average temperature tends to fall between 3 and 5 °C in the months of September, October,
and November. It tends to increase 2 to 3 °C in the months of April, May, and June [2].
In the same time series mentioned above for Evora, between 1871 and 2007, the average
maximum temperature is 19.6 °C, with a maximum of 24.7 °C in 1995 and a minimum of
16.6 °C in the year 1989. Between 1900 and 2007, the average annual maximum temperature
was 19. 5°C and showed a tendency to increase; between 1950 and 2007, it was 19.7 °C;
between 1970 and 2007, it was 19.8 °C; between 1990 and 2007, it was 20.4 °C; and between
2000 and 2007, it was 20.6 °C [31]. Again, these increments may show the effects of climate
change, which are being felt in this region. Mediterranean regions, with some semi-arid
characteristics, tend to be particularly affected by climate change in the form of increasing
temperature and decreasing precipitation [36].
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2.2. The Components of the Montado
2.2.1. The Soil

Soil fertility depends on the OM content, which results from the decomposition of
organic residues such as leaves, branches, and dry grassland biomass and roots [9]. The
predominant soils of the region where Montado occurs are soils with structural and fertility
limitations, classified as Cambisoils, derived from granite [37]. They are thin, stony, acidic,
and poor in phosphorus (P) and nitrogen (N), have imbalances at the micronutrient level
(namely, the magnesium (Mg)/manganese (Mn) ratio), and are degraded as a result of ero-
sion and nutrient loss, mainly due to their typical undulating topography, associated with
intensive forms of land use [4,38,39]. Cambisoils are classified as Pg and Pgm (non-humic
litholic soils of semi-humid and semi-arid climates) in the Portuguese soil classification.
They are characterized by having a low cation exchange capacity, coarse texture, percentage
of OM < 1%, pH < 5.5, and low water holding capacity [40,41].

Marcos et al. [30] experimented with the “Dehesas” of Extremadura, Spain, subdi-
vided into three phases: (i) evaluate the effect of trees (holm oak) on soil, light, microcli-
mate, soil moisture, roots, and the crop in 16 cultivated plots of hazel (Avena sativa L.);
(ii) evaluate the effects of different soil uses (forest, grazing, and abandonment) on trees;
(iii) evaluate the response of trees to fertilization in four plots (oat only, oat and fertiliza-
tion, grazing only, and grazing and fertilization). Regarding the radiation transmission
through the canopy, for the herbaceous plants, the distance between these and the tree
trunk (0.5; 1.0; 2.5; 5.0; 10.0; 20.0; and 30.0 m) and their orientation was taken in account,
considering the four cardinal points (N, S, E, W). This study concluded that the radiation
transmitted during the growth of herbaceous plants (pasture and oat) increased rapidly
and significantly with the distance to the trunk. At 10.0 m from the trunk, the available
radiation was greater than 95%, with non-significant differences between 10.0, 20.0, and
30.0 m, except in the north orientation, where the differences were significant between
10.0 and 20.0 m but not between 20.0 and 30.0 m. According to Marcos et al. [30], trees
have a positive effect on most soil chemical parameters, mainly on OM, total N, nitrate
(NO?7), P availability, cation exchange capacity, exchangeable potassium (K), and cal-
cium (Ca). All these parameters were significantly higher under the canopy projection
than outside the canopy. Values tended to decrease with an increasing distance to trees,
with non-significant differences between 10.0, 20.0, and 30.0 m. Additionally, Moreno
et al. [42] obtained an OM content under the canopy of Holm oak trees about twice as
high as that found beyond the projection of those trees. A study carried out in Montado,
in the region of Evora (Alentejo), reports that the soil under the canopy showed signifi-
cantly higher levels of OM, N, P, K, and Mg, with mean values of 3.1% vs. 1.7%, 0.2%
vs. 0.3%, 117.7 vs. 68.2 mg/kg, 359.3 vs. 180.5 mg/kg, and 115 mg/kg vs. 76. 3 mg/kg,
for each parameter, under and outside the canopy, respectively. No significant differ-
ences were found for texture, pH (values of 5.4 vs. 5.3, under and outside the canopy,
respectively), and Mn (values of 16.2 mg/kg vs. 11.8 mg/kg, under and outside the
canopy, respectively) [43]. The canopy is essential for protecting the soil from direct
rainfall that can cause landslides and soil erosion, particularly on steep slopes. The soil
under the canopy is often more permeable and has a higher water-holding capacity than
bare soil [9]. On very acid soils (pH below 5.0), grazing can lead to higher acidification
rates [44] compared to agricultural crops where no grazing occurs.

2.2.2. Trees

In Montado, as already mentioned, the main tree species present are Holm oak and
Cork oak, managed mainly to produce acorns (for animal feed) and cork, respectively [15].
Extensive areas south of the Tejo River, which once had densities of around 120 trees/ha,
today have densities of less than 40 trees/ha [11]. The scarcity or even absence of natural
regeneration in the Montados, which has been observed over recent decades, makes the
renewal and perpetuity of ecologically stable stands unviable, contributing to the emergence
of clearings that gradually increase until they become plots of cleared land, distinct from
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the traditional Montado [11]. Montado is seriously threatened by the low prevalence of
the natural regeneration of Cork oaks and Holm oaks [27,45]. However, in addition to
the advanced age, the stands denote a lower density due to the poor management of
agricultural practices and the incidence of pests and diseases [11,27,45].

During the second half of the 20th century, millions of trees were eliminated in Mediter-
ranean areas, mainly from the most productive lands [30], in order to promote cereal pro-
duction. The mechanization that accompanied the intensification of cereal production in
the 20th century also led to a progressive elimination of the tree layer [9]. The Holm oak
and the Cork oak are well adapted to the high temperatures and dry periods characteristic
of the Mediterranean summer, as well as the relatively poor soils that are typical of the
region [10,20]. The Holm oak Montados predominate in the Alentejo interior, while the
Cork oak Montados occur preferentially in the Tejo and Sado basins [10]. According to
these authors, this distribution results from the abiotic preferences of the trees themselves.
The Holm oak tends to occur in a Mediterranean climate with continental influence, with
annual rainfall between 300 and 550 mm [46]. However, it can develop in soils of diverse
origins, avoiding those that are very sandy. The Cork oak occurs in a Mediterranean climate
with Atlantic influence, higher rainfall (between 600 and 800 mm per year), the preference
of light and deep soils, and more water availability [46].

Trees can modify the soil and microclimate much more than crops. They have strong
enabling effects, produce important ecosystem services, and compete for resources with
grazing [30,32,43]. In the Dehesas, several authors have reported positive effects of
trees on soil nutrients, soil water storage capacity, and pasture production in terms of
quality and diversity [47-49]. Additionally, the accumulation of tree leaves on the soil
increases the OM content [10]. According to Benavides et al. [50], the positive effect
of tree shade in reducing evapotranspiration leads to a higher moisture content of the
soil under the canopy when compared to the soil outside the canopy. Still, the tree
canopy prevents sunlight penetration into the pasture, affecting its production [51]. Peri
et al. [52] conducted a study in New Zealand, in which they compared the growth and
dry matter (DM) production of the grass Dactylis glomerata L. on four types of pasture
(unshaded, slatted, tree-shaded, and tree-shaded and slatted), where the trees present
were Pinus radiata species, with a density of 200 trees/ha. These authors obtained
DM/ha/year yields of 8200 kg, 7300 kg, 6300 kg, and 3800 kg for each treatment,
respectively. The reduction in the quantity and quality of light directly affects the
physiological processes of plants, decreasing the production of carbohydrates in pastures
and the production of DM [52]. Hussain et al. [51] compared the total biomass production
in pastures, composed mostly of Lolium perenne L., Holcus lanatus L., and Trifolium repens
L., covered by willow and poplar and outside the canopy, concluding that this production
is significantly higher outside the canopy than under it. These authors obtained average
values of 13.4,12.2, and 10.3 ton/ha/year of DM outside the canopy, poplar understory,
and under willow, respectively. Serrano et al. [53], in a study carried out in Montado, in
the Evora region, in which they compared soil fertility and the production and quality of
pasture under and outside the canopy of Holm oak trees, reported that soil fertility under
the canopy is superior compared to that of the soil outside the canopy. These authors
found OM values of 2.3% under the canopy and only 1.8% outside the canopy; for
P,0s, the values found under and outside the canopy were 39.8 mg/kg and 28 mg/kg,
respectively; for K,O, the values found were 146 mg/kg and 72 mg/kg under and
outside the canopy, respectively. In another study of Montado, Serrano et al. [32] report
that, in terms of productivity (green matter (GM) and DM), the canopy had a positive
effect in autumn, while in winter and spring, the highest productivity was seen outside
the canopy.

These authors obtained average values of GM in autumn of 7250 kg /ha and 6850 kg/ha,
under and outside the canopy, respectively; in winter, they obtained average values of
GM of 1085 kg/ha and 1530 kg/ha, under and outside the canopy, respectively; in spring,
they obtained average values of GM of 6250 kg/ha and 1235 kg/ha, under and outside
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the canopy, respectively. Regarding productivity in terms of kg/ha DM, Serrano et al. [53]
obtained average values in autumn of 1050 and 1000 kg/ha, under and outside the canopy,
respectively; in winter, these values were 1750 and 2050 kg/ha, under and outside the
canopy, respectively; in spring, these values were 1700 and 4300 kg/ha, under and outside
the canopy, respectively. These authors also mention that grazing under the canopy is
of higher quality (higher crude protein—CP) than grazing outside the canopy. Thus, for
the % CP in the pasture DM, Serrano et al. [53], in autumn, found values of 23.6% and
18.5% under and outside the canopy, respectively; in winter, these values were 17.9% and
16.5%, under and outside the canopy, respectively; in spring, CP was 14.8% and 8.25%,
under and outside the canopy, respectively. The canopy structure is a relevant factor in
the competition for light [50], varying with tree age and species [54]. In the Mediterranean
region, competition for water is usually another limiting factor for pasture growth [51,55],
particularly in locations with dry summers when high temperatures are recorded [50]. The
canopy also modifies the soil and air temperature [30]. According to these authors, on
warm days, the air temperature was significantly lower under the canopy when compared
with that obtained outside the canopy, finding values of 14.2 °C, 16.1 °C, 16.5 °C, and
16.6 °C at 1, 10, 20, and 30 m away from the trunk of the tree, respectively. On cold days,
the opposite happened, i.e., air temperature was higher under the canopy than outside.
The same was verified for soil temperature, which was higher under the canopy on cold
days and lower on hot days. On hot days, the maximum soil temperature under the canopy
was 29.6 °C, while outside, it was 46 °C [30].

The type of management chosen for grazing may be necessary for containing the
harmful effects on trees in their juvenile phase. Factors such as the stocking rate, the
rotation of livestock species by plot, the length of stay in each one, and the composition and
amount of supplements provided to animals should be evaluated properly [45]. According
to Belo et al. [45], the agricultural practices and the conduct of grazing animals that have
occurred in Montado are not the most appropriate for the processes of the dispersal and
establishment of young plants and their development into adult trees; however, the same
authors also infer that grazing has a positive effect in denser Montados, since the animals
remove the herbaceous stratum, reduce the shrub stratum, and, consequently, decrease the
susceptibility to fire of this ecosystem.

2.2.3. Pastures, Characteristics, and Management

Pastures are communities mainly composed of herbaceous plants and sometimes
associated with shrubs consumed by grazing animals (mainly ruminants) in the production
site itself. They are systems of high heterogeneity due to variations in the number of species
present and differences in the length of phenological cycles of the constituent plants, as well
as continuous changes caused by different environmental and grazing factors [7,56,57].

The floristic composition of the pasture is a good indicator of pasture quality [1]. It de-
pends on each region’s soil and climate conditions and the grazing system adopted. Accord-
ing to Voisin and Lecomte [58], in a pasture sown with Poa pratensis L. and Trifolium repens L.
(50/50), the percentage of Trifolium repens L. can vary from 1 to 80% after a few years,
depending on the interval between each grazing period: weekly grazing provides 80%
Trifolium repens L.; grazing every 4 weeks provides only 50%; if grazing is only every
12 weeks, the percentage of Trifolium repens L. will be only 1%. However, pasture rest peri-
ods are fundamental for plant development and seed production [1]. According to Voisin
and Lecomte [58], we can conclude that: (i) a sown pasture is quickly transformed into a
poor-quality pasture, with an undesirable floristic composition, as a result of an inadequate
grazing system; (ii) an adequate grazing system can transform an old and degraded pasture
into a pasture of excellent quality. The floristic composition of the pasture is affected by
grazing selectivity, stocking rate density, and grazing season [59]. In addition to this, Voisin
& Lecomte [58] identified three causes for the degradation of pasture floristic composition:
(i) poor soil drainage; (ii) poor soil fertilization/corrections; (iii) poor grazing management,
abusing continuous grazing. However, according to Zhu et al. [60], in a study conducted in
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China, grazing with cattle, sheep, and goats does not affect the species richness of pasture
plants, although it significantly reduces plant biomass and increases heterogeneity in plant
heights. Carreira et al. [1] carried out a study in Montado pastures to evaluate the effects of
the type of grazing (continuous vs. deferred) and the application of dolomitic limestone
on the floristic composition of the pasture. The authors identified 103 different species
belonging to 25 botanical families. This work infers that deferred grazing may contribute
to the increase in the number of legume species in the pasture and improve the floristic
composition of the pasture. From this same study, the authors also conclude that grazing
with high biotic loads eliminates undesirable plants with low nutritional value, such as
Diplotaxis catholica L.

The pasture structure directly influences intake by grazing animals (Gordon and
Benvenutti, 2006) cited by [61]. Consequently, the pasture height is a significant factor
influencing the intake and production of grazing animals [62].

Animal production is affected by the feed value of the pasture, which is a function of
voluntary feed intake (quantity) and nutritive value [7]. The nutritive value of pasture, or
the quality, is described in terms of crude CP, acid detergent fiber (ADF), neutral detergent
fiber (NDF), ash, lignin (ADL), lipids, metabolizable energy (ME), and digestible OM
(Holmes et al., 2007) cited by [7]. The nutritive value of the pasture thus determines the
productive response per unit of pasture consumed [7]. The constituent plants of the pasture
generally have a high proportion of water, varying between 10 and 50% DM, and pastures
with high nutritive value usually have low DM values [63].

According to Miao et al. [64], the inter-annual precipitation variability can explain
the differences in the quantity and chemical composition of the various pasture species.
Biomass production and its nutritive value increase with the annual increase in rainfall
if it occurs in favorable periods for pasture growth (autumn and spring). Temperatures
of 5.5 °C generally stop plant growth, and temperatures lower than 8-10 °C reduce
the growth of temperate grasses [29]. The evapotranspiration rate in pastures, at
the beginning of spring (April), decreases until the end of spring and ends at the
beginning of July. During summer (July to September), when the soil surface is dry,
there is no transpiration of the pasture, resuming after the beginning of autumn rains
(October) [43]. Furthermore, in summer, the pasture is dry, so it has no transpiration.
Soil moisture increases N availability and the rate of N assimilation by plants, leading to
an increase in pasture productivity [64]. Most permanent pastures in the Montado have
a deficient production of DM [21] and are also considered poor [41]. What is referred to
by Belo et al. [21] is based on studies cited by them: (a) Lourenco et al. (1999) found
DM production values in pastures in Montado of 800 kg/ha/year; (b) Crespo (1997)
notes that the production of DM does not usually exceed 1500 kg/ha/year; (c) Simoes
(2004) refers to a DM production in autumn/winter of 695 kg/ha and in spring of 2014
Kg/ha. However, Efe Serrano [65] refers to around 3000 kg /ha/year. In a more recent
study, comparing pasture DM production under the canopy and outside the canopy,
Serrano et al. [43] found the following average values: (i) under the canopy—437, 1232,
1804, 2751, and 2363 kg/ha for the months of December, March, April, May, and June,
respectively; (ii) outside the canopy—425, 1868, 2987, 3582, and 6191 kg/ha for the
months of December, March, April, May, and June, respectively. In another study
carried out by Serrano et al. [53], in which the DM production of the pasture in Montado
was compared under and outside the tree canopy, the authors state average values
under the canopy of 980, 916, 2469, 3852, and 3180 kg/ha for the months December,
February, March, May, and June, respectively; outside the canopy, the values are 964,
1698, 1757, 3414, and 2936 kg/ha for the months of December, February, March, May,
and June, respectively. In the same study by Serrano et al. [53], the authors obtained
mean CP values under the canopy of trees of 22.9, 22.4,15.9, 11.2, and 8% for the months
of December, February, March, May, and June, respectively; outside the canopy, the
values were 21.3,19.8, 13.5, 9.8, and 6.3% for the months of December, February, March,
May, and June, respectively. In a study where pasture samples were collected and CP
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was determined in Montado, at the peak of spring (30 March to 13 April), average CP
values of 13.5%, 12.1%, and 10% were found for the region of Evora, for the Portalegre
region, and for the Beja region [66]. In another study carried out on rainfed pastures in
Montado, Serrano et al. [67] obtained CP values for autumn, winter, and spring, under
and outside the tree canopy, and in soils with the application of dolomitic limestone and
without this application in the agricultural years 2018/2019 and 2019/2020. For the year
2018/2019, they obtained average values of CP in autumn, winter, and spring of 24.7 and
21%,19.6 and 19.1%, and 10.5 and 8.9% in soils with the application and non-application
of dolomitic limestone, respectively. For the year 2019/2020, average CP values were
obtained in autumn, winter, and spring of 19.3 and 18.8%, 14.4 and 15.7%, and 13.7 and
13% in soils with and without the application of dolomitic limestone, respectively. For
the year 2018/2019, they obtained average CP values in autumn, winter, and spring
of 21.1 and 20.5%, 20.3 and 18.4%, and 12.2 and 7.2% under and outside the canopy of
trees, respectively. For the year 2019/2020, they obtained average values of CP in the
autumn, winter, and spring of 22.1 and 16%, 15.5 and 14.6%, and 17.4 and 9.3% under
and outside the canopy of trees, respectively.

The recommended process for reclaiming pastures in the Mediterranean region and
increasing their productivity consists of increasing soil fertility by applying phosphate
fertilizers and correcting Mn toxicity and soil acidity [41,68,69]. The excessive application
of nitrogen fertilizers to pastures, or the application of N at less favorable times of the
year, increases nitrate leaching and phosphate (PO,) adsorption on soil particles, which
eventually leads to surface and groundwater pollution and the eutrophication of surface
water bodies [70]. According to Miao et al. [64], pasture degradation affects the resilience
of ecosystems. In a study carried out in Montado by Simoées et al. (2006), cited by [21], in
which the productivity of natural pastures was compared with biodiverse pastures rich in
legumes. It was demonstrated that the DM production, in some cases, doubled, and the
proportion of species with greater nutritional value in biodiverse pastures increased. This
allowed stocking rates to triple in number.

Correction for the acidity and associated toxicities of aluminum (Al) and Mn and P
can allow for five-fold increases in pasture productivity [69]. Sometimes, the focus is on the
needs of the animal without considering the needs of the plants and the importance of of
root reserves so that they can quickly regrow after a period of grazing [58]. Plant growth
will be slow if the plants have few reserves accumulated in their roots, even if there are
adequate conditions for growth.

On the other hand, if there are sufficient reserves and green leaves in high num-
bers, the plants use sunlight efficiently and can produce three to four times more
GM/ha/day [58]. Voisin and Lecomte [58] state that triple the pasture’s resting time will
increase the pasture production by up to ten times. Proper management can result in
a significant improvement in the quality of natural pasture. However, cyclical periods
of food shortage cannot be avoided, and in some of these periods of scarcity, acorns
can contribute to better animal nutrition naturally [9]. From an economic standpoint,
pasture is essential, since a forage unit (UF) obtained from pastured grass costs only 15
to 20% of the same UF obtained from commercial concentrate feed [71]. Carvalho [69]
also states that the importance of improved permanent pasture results from the fact that
it is arguably the cheapest food for ruminant animals.

According to Tang et al. [72], the effects of grazing on ecosystems depend greatly on
grazing intensity. According to Voisin and Lecomte [58] and Matthew et al. [73], animal
production systems in pastures can have an important influence on pasture composition,
quality, and production., When ingesting plant biomass, grazing animals return between 70
and 95% of plant nutrients to the soil, through urine and feces, modifying and accelerating
the flow of nutrients [44]. The stocking rate also greatly influences pasture productivity
and may contribute to its improvement or degradation. Traditionally, the stocking rate in
Montado was 0.35 normal heads (NH) [27], which is equivalent to about 2 sheep/ha.
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2.3. Services Provided by the Montado Ecosystem

The spatial and temporal heterogeneity of Montado leads to an increase in the richness
of ecological niches—herbaceous, shrubby, and tree plants—with some of the species being
very rare or threatened with extinction [9,11]. In addition to providing multiple products,
such as cork, firewood, meat (beef, sheep, pig, and goat), mushrooms, aromatic herbs, and
honey, Montado also provides a vast array of ecosystem services, such as the regulation of
the water cycle, carbon fixation, erosion prevention, high biodiversity, recreation and leisure
activities and the support of local identity [11]. Production systems involving agricultural
crops and animal production are characterized by the exploiting synergies, resulting from
new interactions between soil, plants, animals, and the atmosphere, allowing for greater
productivity and lower vulnerabilities [74].

Montado is associated with vital environmental services, such as soil protection, water
regulation, and carbon sequestration [75]. Carbon sequestration in the Montado is of great
importance, mainly due to the long-lived trees that constitute it, which promote carbon
storage for very long periods [9,11]. In addition, pasture and soil are significant carbon
sinks in the Montado, and healthy cork oak forests with reasonable tree cover can annually
sequester around 1-3 tons of carbon/ha [11]. Wang et al. [76] and Wang et al. [77] infer that
those soils where pastures are installed play a crucial role in mitigating greenhouse gas
emissions. In trials in different regions of China, higher metane (CH,) sequestration values
were obtained in grazed soils than in non-pastured soils. The values increased with an
increasing stocking rate: 2.73, 2.83, 5.49, and 8.23 kg /ha/year, respectively, for non-grazing,
light, moderate, and heavy use in Sichuan province; 2.82, 2.75, 5.41, and 7.59 kg /ha/year
in Xinjiang Autonomous Region; and, 2.89, 2.81, 5.31, and 8.38 kg/ha/year in the Inner
Mongolia Autonomous Region [77].

Table A1 (Appendix A) summarizes the works mentioned in Section 2, where one can
verify the component to which each refers, the production system, and the region/country
where they were carried out.

Figure 3 shows, in terms of percentages, the country of origin of the works cited in
Section 2. As we can see in Figure 3, more than half of the works cited in this chapter were
carried out in the Iberian Peninsula, followed by New Zealand and China.

Country of origin of the cited studies

22.7%

10.6%

10.6%

7.6%
@ Portugal [OSpain MNewZeland @OChina [@Others

Figure 3. Country of origin of the studies mentioned in Section 2.
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3. Technologies of Monitoring in Montado
3.1. Laboratory Analysis for Soil and Pasture Characterization

The characterization of soils in agricultural fields is traditionally carried out by
collecting several soil samples per hectare (always a limited number), followed by
physicochemical laboratory analyses [6,78]. However, this method is limited and very
expensive since it is impossible to sample the field, in addition to the great need for
labor [6,79]. The spatial variability of soil nutrients can be affected by the type of
soil, topography, vegetation, climate, and anthropogenic activities [79], making the
traditional sampling method fallible due to the heterogeneity that may exist on the same
plot of land. Traditional soil sampling and the consequent laboratory analyses are also
time-consuming, expensive, and impractical from a practical perspective, leading to a
growing interest in automatic monitoring methods [78]. The same authors refer to the
NIR (near infrared) sensor as an excellent option for quantifying the spatial variability of
the leading chemical parameters and soil fertility. Serrano et al. [80] conducted a study
using a benchtop NIR sensor to estimate soil moisture and P in pastures in Montado.
These authors obtained high correlations for the calibration (r? = 0.85 and r? = 0.777 for
OM and P, respectively) of the sensor and for its validation (r? = 0.847 and r? = 0.761 for
soil moisture and P, respectively). Although with benchtop NIR, no physical-chemical
analysis of the soil is necessary, colleting samples in the field is still necessary, with all
the inherent disadvantages already listed.

Regarding the methods for assessing pasture biomass, they are grouped into direct and
indirect [81]. Direct methods require cutting and laboratory determinations (Figure 4), while
indirect methods use sensors to assess the pasture. Laboratory methods for quantifying
pasture nutritive value are expensive and time-consuming, and due to the high cost of
determinations, sampling is limited to specific locations, which limits the possibility of
managing or exploring variability within and between pastures [7].

" =

EXPERIMENTAL FIELD

Productivity and
quality estimation

| Sample weighing

NDF and CP determination |

Figure 4. Explanatory diagram of the traditional pasture sampling and laboratory processing process.

According to Pullanagari et al. [56], to assess pasture quality, conventional laboratory
methods have been used, such as wet chemistry, according to the “Association of Official
Analytical Chemists” [82]. However, that methodology falls short of what is necessary and
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required from the point of view of monitoring pasture quality, considering the spatial and
temporal variability of these systems. Using the NIR technique to assess pasture quality
is considered reliable, especially in terms of CP and NDF [83]. However, using benchtop
NIR equipment has the drawbacks already mentioned, which are inherent in the cutting
and processing of pasture samples [66], although wet chemistry analyses are avoided.
Therefore, the survey of the spatial and temporal variability of productivity, based on the
cutting and collection of samples of pasture for bromatological analysis, is a demanding
method in terms of labor [84], destructive [85], time-consuming and expensive [56,57,86],
and unfeasible from a practical perspective, which has led to growing interest in expedited
methods [7]. According to Gebremedhin et al. [8], recent developments in the technological
field of portable electronic sensors are an adequate response, allowing for fast, reliable,
and large-scale measurements. Indirect pasture sampling methods minimized the physical
removal of vegetation and were developed mainly to obtain quick results and be able to
be used in large areas [87]. Therefore, it becomes imperative to use new non-destructive
technologies, which allow us to better understand the variability of production in large
areas and implement new production strategies, such as precision agriculture (PA), or
zones of differentiated management [81].

3.2. Precision Agriculture

Precision agriculture (PA) is not an end in itself; rather, it constitutes an integrated
and internationally standardized approach to sustainable agriculture, which increases
the efficiency of resource use, reducing the risks and uncertainty of the management
decision [88,89]. For Fountas et al. [90] and Nawar et al. [6], PA’s final objective is managing
crop and soil variability to increase profitability and reduce environmental impacts. PA
allows for varying the application of inputs, such as fertilizers, depending on the needs of
the soil/crops [6,91]. According to Serrano et al. [92], easy access to new technological tools,
namely, access to spatial georeferencing systems, such as the Global Positioning System
(GPS), allows for a knowledge of the variability of soil and crop parameters. According to
Pierce and Nowak (1999), cited by [93], PA gives the possibility to do the right thing in the
right place, at the right time, and in the right way. Therefore, PA bases its applicability on
using technologies to detect and decide what is “right” [88]. Seelan et al. [91] state that PA
is a method that involves crop management according to soil variability and site-specific
conditions. It is very promising in economic and ecological terms. According to Campo
(2000b), cited by [94], PA brings the following benefits: (a) reduction in the quantities
of production factors; (b) reduction in production costs; (c) reduction in environmental
contamination; (d) increase in crop yields.

The detection and measurement of properties of soils and the crops through sensors
provides large amounts of exploration data (big data), which, if properly collected, stored,
and interpreted, can provide excellent means to improve knowledge about the factors that
determine the production process [89]. In the specific case of animal production, the success
of PA comes from integrating all the information collected by various sensors to monitor
plants, soil, and grazing dynamics together [43].

3.2.1. Global Navigation Satellite Systems (GNSS)

Knowledge of the characteristics of the plots is essential for developing any engi-
neering project involving agro-silvo-pastoral activities [95]. In this sense, the positioning
based on GNSS has become an essential tool for surveying areas, mapping, PA, engi-
neering and construction, aerial images, and sensors and management of public services,
presenting greater precision and positioning reliability, if compared to the GPS [96].
The GNSS technology allows for terrestrial mapping, by collecting georeferenced data,
which provides the area and perimeter of the plots [97]. Altimetric surveys aim to obtain
unevenness of selected points [95]. The variation of altimetric values can be correlated
with several soil characteristics, such as texture, water retention capacity and nutrient
content [98]. Thus, using GNSS RTK (Real Time Kinematic) technologies has become an
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alternative for obtaining altimetry data for agriculture, combining high accuracy and
good operational performance [99]. Alba et al. (2010), cited by [99], compared the data
obtained by GPS RTK, in static mode, obtaining correlations of 99%, with topographic
surveys carried out conventionally. These data show the potential of GPS RTK for sur-
veying the altimetry of plots. Additionally, according to Hauglin et al. [100], the accuracy
and precision of the altimetry data obtained through the GNSS RTK technologies are vis-
ible, even on board vehicles that travel through the plots. However, according to Rabelo
et al. [99], when using all-terrain vehicles, the collection of altimetric data should only be
carried out in parallel lines to the crop lines, with a speed of £2.2 m/s. The use of these
new technologies, combined with the use of specific computer programs, facilitating
field and office work, also significantly improves the accuracy of measurements since
they are less subject to interference from errors caused by environmental conditions
and also from errors caused by human interference [95]. In PA, GNSS-based position-
ing includes topographic mapping, crop production maps, and machine driving [101].
However, the altimetric survey carried out with GNSS receivers in the open field is more
accurate than that in plots with trees, since the tree canopy leads to signal loss, which
affects the accuracy and precision of the results [95].

3.2.2. Soil Monitoring

As previously mentioned, soil laboratory analysis is time-consuming and expen-
sive in determining its physicochemical characteristics. Thus, there is a growing need
to use expeditious and fast methods for this characterization through sensors, intend-
ing to complement and/or replace traditional sampling methods [102]. The soils have
significant spatial and temporal variability, conditioning the productivity of the estab-
lished crops. This variability can be monitored through several sensors, not having
one that can, by itself, completely characterize the complexity of the soil [6]. How-
ever, if the sensor incorporates a GPS, field maps can be obtained, identifying low- and
high-productivity areas [56].

Proximal sensors for measuring soil characteristics provide data quickly, with low
associated costs, and also allow for the understanding of the spatial and temporal
variability of the soil in a given plot (Kuang et al., 2012) cited by [6]. However, it should
be noted that the acquisition cost of these sensors is high. Soil Apparent Electrical
Conductivity (ECa) has been described as the primary variable for characterizing the
soil and defining differentiated Management Zones (MZ) [103]. Since the soil is not
uniform, the term is ECa, the electrical conductivity of uniform soil that gives the same
reading [104]. The ECa expresses the concentration of soluble salts in the soil [105]. The
ECa of the soil is a function of the humidity, salinity, temperature, apparent density,
and percentage of clay [6,104]. ECa can be used as an estimate of these characteristics if
the contributions of other soil properties that affect electrical conductivity are known
or can be estimated (Dafonte, 2004). Soil ECa, according to Peralta and Costa [79], is
negatively correlated with altitude (r> = —0.91), where the values of salt content, pH,
sodium, and cation exchange capacity are high. According to this study, ECa is also
negatively correlated with soil OM (r? = —0.72).

The ECa measurement can be performed by electromagnetic sensors, which mea-
sure the variations in soil moisture, clay percentage, texture, depth, and ion content [79].
The soil sensors most used in pasture monitoring are electromagnetic induction sen-
sors, which are used in agriculture to monitor salinity and identify soils affected by
sodium [106]. Interest in this technology has grown in response to the high spatial
resolution, possibly with GPS being used to determine the spatial variability of soil
properties [106]. Electromagnetic sensors are a non-invasive, non-contact method for
characterizing soil spatial variability based on Faraday’s law and have been used for
about 20 years to characterize agricultural soils [106]. These mobile sensors are a fast
and inexpensive method that allow you to assess soil variability over large areas more
quickly [6]. However, according to Kuang et al. (2012), cited by [6], electromagnetic
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sensors are limited to quantifying the soil parameters mentioned above, although they
are a fast method. Direct ground contact sensors are generally only used on arable
land. However, the Veris conductivity meters are capable of physically penetrating
pasture soil [107], being widely used in Montado plots in Alentejo. In a study, Serrano
et al. [108] aimed to show interest in measuring ECa with Veris to define different MZs
in undercover Montado pastures in the Evora region and found significant and positive
correlations between ECa and soil moisture (r> = 0.7088). In another study on pastures
in Alentejo, Serrano et al. [109] obtained significant correlations between ECa, measured
with the Veris sensor in 2012 and 2013, and soil moisture, clay, silt, sand, OM, pH, and
P. In this study, with an electromagnetic sensor, the authors only mentioned significant
correlations in 2013 for the following parameters: soil moisture, silt, pH, P, and N.

3.2.3. Pasture Monitoring

Solar radiation interacting with plant tissues, or their canopies is reflected, absorbed,
or transmitted. The spectral characteristics of these components are determined by the
properties of tissues or plant canopies, and the reflected light can be used to assess
the plant’s biophysical and biochemical properties [110]. Furthermore, according to
Rascher and Pieruschka [110], a low reflectance intensity from plant leaves is in the
visible wavelength (400 to 700 nm), which implies a high absorbance. On the contrary,
a high reflectance in the near infrared region (700 to 1100 nm) is due to the plant’s low
absorption of light.

The use of remote and proximal sensors to evaluate cultures involves the relationship
between the measurement of multispectral reflectance, plant temperature, photosynthesis,
and evapotranspiration [91]. However, the application of the sensor becomes difficult in
permanent pastures where there are trees, irregular plant spacing, morphology, and color
compared to crops where there is only a single pattern [89].

The application of remote sensing techniques to monitor production systems where,
in addition to crops, there is grazing is difficult due to the great complexity of these
systems [43]. Pullanagari et al. [7] state that multispectral images, which come from remote
sensors, have the potential to quickly estimate the quality of the pasture in the field without
the need for cutting, collection, and laboratory analysis. According to Handcock et al. [78],
the most consistent correlations between data obtained by multispectral sensors and field
observations, concern the rainy season. Remote sensing, particularly hyperspectral imaging,
has been described as an auspicious non-destructive tool for determining the nutrient
concentration in vegetation [43]. According to Albayrak [111] using hyperspectral sensors
to estimate pasture quality has produced satisfactory results.

According to Serrano et al. [43], applying technologies with sensors in pasture and
grazing systems is challenging since these systems have significant spatial and temporal
variability. However, according to those authors, nearby sensors with higher spatial and
temporal resolution can overcome some of these challenges. On the other hand, pasture
products have a low economic value that limits the use of new technologies [81], sometimes
requiring a very high initial investment. Although proximal sensors monitor only a point
or a reduced area, they differ from satellite images’ scope. If they are mounted on a mobile
platform, they have the potential to provide continuous data and capture rapid changes in
the proportions of photosynthetically active radiation [78]. In this way, they constitute an
essential database for making better decisions [78]. Optical sensors that can be mounted on
vehicles are included in the category of proximity sensors [107]. Optical sensors are divided
into passive (use natural light) and active (have their own light source), the latter being able
to work in any light condition, including at night [81]. Generally, the information collected
by the optical sensors is transformed into vegetation indices [112].

Currently, the agricultural producer has easy access to satellite images, at a low cost
and with much important information regarding the crops and soil of their farms [6].
Thus, it becomes possible to continuously monitor pasture biomass based on multispectral
satellite images with a high spatial resolution, which is very useful in decision making by
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agricultural managers [57]. According to Pullanagari et al. [56], the accurate and real-time
estimation of pasture quality is crucial for the more informed adoption of management
practices, such as applying fertilizers based on pasture needs. According to Serrano
et al. [43], satellite remote sensing constitutes an interesting perspective due to the response
scale, process speed, and low cost. Those authors also mention that satellite images with
different geometric and spectral characteristics (Landsat 8 and Sentinel-2) have been used
in monitoring the Montado ecosystem. However, one of the main limitations in the use
of satellite images is the presence of clouds [78,113] and, in the case of Montado, the
existence of trees, which limits the capture of satellite images, under the canopies [43]. To
overcome this limitation, using proximal sensors under the canopy of trees is crucial [78].
The information collected through hyperspectral sensors can help agricultural producers to
improve productivity, performance, and farm resilience, allowing for more accurate and
timely decision making [56]. According to this study, the regular monitoring of the pasture
with nearby hyperspectral sensors allows for efficient rotations to be programmed and the
supply of supplementary food to be planned only when there is an inadequate level of
nutrients in the pasture. On the other hand, this study also mentions that having real-time
information about the nutrients in each plot allows for easy adjustment in the number of
animals (stocking rate).

To support grazing management decisions and to better understand spatial and
temporal changes and variability in rangelands, obtaining an accurate estimate of the
biomass in these ecosystems is crucial [114]. As mentioned, the traditional methods of
cutting and collecting samples of pasture for later bromatological analysis and weighing
to obtain the productivity and/or quality of the pasture, despite being quite accurate,
become unfeasible because they are expensive in terms of time, human resources, and
money. In this regard, and according to Fricke and Wachendorf [115], remote sensing
techniques can be fundamental since they allow for quantifying and mapping the
spatial and temporal variability of the constituent plants of the pastures, being an
expeditious and non-destructive method. A vegetation index widely used to estimate
pasture productivity and quality is the NDVI (Normalized Difference Vegetation Index),
which can be obtained through a proximal sensor or multispectral satellite images.
NDVI s related to the amount of chlorophyll in plants [85] and, consequently, to their
vegetative vigor (Kawamura, 2007), cited by [81]. It can be calculated from satellite
images through the reflectance, by plants, of the emitted radiation [116] or from nearby
sensors, such as “OptRx” [117]. The NDVlI is derived from the reflectance ratio of red
to near infrared [85]. Serrano et al. [118], in a study where they correlated the NDVI
values through the proximal OptRx sensor with the production of the Montado pasture,
obtained a relatively low correlation (r? = 0.47). Additionally, with the OptRex sensor,
Serrano et al. [117] obtained high and significant correlations between pasture quality
parameters and the NDVI (r? = 0.7537 for CP and 12 = 0.8375 for NDF). The “OptRx”
sensor measures high NDVI values in places with high DM and GM production, which
is directly related to a higher density of photosynthetically active vegetation and is also
correlated with the CP content [43]. Serrano et al. [81] infer that productivity and NDVI
values are higher in places where pasture moisture is high, corresponding to northwest
and southwest orientations.

On the other hand, according to the same authors, the NDVI values were higher
in younger plants and in places with a high percentage of legumes. Still, according to
Serrano et al. [81], the active proximal sensor “OptRx” can identify different botanical
species, different development stages, and different productivity zones. On the other hand,
Godinho et al. [119] used NDVI data from the Sentinel-2 satellite, verifying that the values
of that index showed a solid and positive high correlation (r? = 82.8) with the values of the
percentage of canopy cover in Montado. In addition, remote optical sensors can potentially
detect physiological and biochemical changes in plants, in addition to the non-invasive
detection of changes in photosynthetic energy conversion, which can help in decision
making in an agricultural context [110].
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Since both NDVI and capacitance present very similar and acceptable results for
the characterization of pasture productivity, it is understandable that the active optical
sensor “OptRx” will gradually replace the Grassmaster II (technology that allows for the
estimation of pasture production). This eventual replacement is based on the advantages
of this sensor concerning the capacitance probe, namely, regarding the possible speed
of continuous monitoring of the pasture (on a mobile platform) without the operator’s
manual intervention at various points of the pasture [81]. However, in a study by
Serrano et al. [118], a strong correlation was obtained between Grassmaster II readings
and pasture biomass production (r?> = 0.75). Thus, the total pasture biomass can be
estimated directly through cutting and weighing or indirectly through capacitance
meters (Gonzalez et al., 1990), cited by [85]. During the 1970s, many methods were
evaluated. Some methods, such as the electronic capacitance probe (Grassmaster II),
have been adapted commercially. Capacitance instruments generally consist of an
electrical circuit that generates a signal at a specific frequency and then performs a
capacitance measurement of the air-plant mixture [84]. This equipment makes it possible
to automatically record and store the values of all the readings taken in each plot to be
later downloaded to the computer and processed [38,84]. This is a recognized advantage,
since the operator does not need to interfere in recording the information, being able to
sample a large area.

According to Virkajarvi [120], the measurements made by the capacitance probe vary
depending on the type of plants that make up the pasture and changes in its structure.
The Grassmaster II features 2 calibration equations developed on New Zealand pastures
to estimate pasture DM production (kg/ha). these pastures consisted of a mixture of
rye and clover, in a ratio of 80/20, respectively, with a DM content of 14-16% [38].
In a study carried out by Serrano et al. [121], in three Montado plots in Alentejo, to
calibrate a capacitance probe (Grassmaster II) and to estimate pasture productivity
in this ecosystem, robust correlations were obtained (r? = 0.94 and r? = 0.81 for DM
in February and March, respectively). According to Zanine et al. [122] and Carvalho
et al. [123], biomass quantification is based on the fact that the capacitance of the air is
low, while that of the vegetation is high, being necessary to calibrate the probe before
being used. Therefore, it is necessary to carry out several readings quickly and effectively
before taking readings in the intended locations.

Capacitance probes have become a fast, accurate, and non-destructive technology
for estimating vegetation production [124]. However, significant restrictions on using the
capacitance probe include its inability to estimate the production of individual species
(Pieper, 1978), cited by [84]. When vegetation is more homogeneous and has fewer
moisture content variations, estimates based on capacitance probe readings are more
reliable [125]. However, this probe has great potential for estimating the production of
GM and DM in cultures consisting of a single plant species [84]. Serrano et al. [38] found
very high correlations in pastures composed of grasses (r = 0.90) and in heterogeneous
pastures (r = 0.87) between pasture DM and Grassmaster Il readings. As for pastures
composed essentially of legumes, Serrano et al. [38] obtained a moderate correlation
(r?> = 0.48). In this context, Serrano et al. [43] obtained very consistent correlations
(r? =0.606 and 0.818) between the values obtained with the capacitance probe and
pasture productivity (DM and GM), at all evaluation times (months of December 2015
and June 2016). These facts reveal the practical interest of using the Grassmaster II as
a quick method for estimating the productivity of pastures in the south of Portugal.
According to Serrano et al. [81], in places where pasture humidity is high, productivity
is also higher, as well as capacitance values. This same study also found that the less
advanced the phenological state of the plants and the greater the percentage of legumes,
the greater the capacitance values.

Carreira et al. [66] carried out a study in pastures under Montado to calibrate and
validate the use of a portable NIR sensor in the evaluation of pasture quality. From this
study, the authors obtained values of r* = 0.73 and 0.69 for calibration and validation,



Appl. Sci. 2023,13, 6242

19 of 40

respectively, for the NDF of the pasture samples; for CP, values of r> = 0.51 and 0.36 were
obtained for calibration and validation, respectively [66]. Several authors state that the
main advantages of the portable NIR are its low weight, ease of use, direct measurements
in the pasture, non-destructive nature, time-saving in cutting and sample processing, more
frequent evaluations, and more timely decision making at the moment of evaluation, thus
overcoming the spatial and temporal variability of the pasture [56,126-129].

Moeckel et al. [57] consider that using sensors in pastures is sometimes tricky, with
some limitations relating to each specific sensor. Thus, according to Nawar et al. [6],
sensor fusion is an attractive option for incorporating several variations in scales (vertical
and horizontal) and unequal properties. There are three main types of sensor fusion:
(1) nearby sensor fusion; (2) fusion of remote and near sensor(s); (3) fusion of remote
sensors. The fusion of sensors can lead to more precise and accurate monitoring of
the soil and/or pasture since it allows for the acquisition of more than one type of
information simultaneously, which can contribute to improving decision making by
the farmers and agricultural managers [130]. However, according to Gobbett et al. [86],
sensor fusion can lead to challenges and problems related to the configuration, image
capture, validation and data management, and analysis of these data to derive calibrated
scientific information.

3.2.4. From the Establishment of Management Zones (MZ) to Variable Rate
Technologies (VRT)

Generally, agricultural producers apply identical numbers of production factors, such
as fertilizers or correctives, throughout the plot; in a plot, the needs of the soil/crop can be
very different depending on the physical-chemical characteristics of the soil, topography,
and specific weather conditions [6]. According to Moral et al. [131], although the soil
ECa can be used to help define soil MZ, it must be considered that its correlations with
soil fertility are variable and sometimes low. Peralta and Costa [79] also state that the
definition of MZ (by measuring the ECa of the soil) is only sometimes correct, especially
for excessively and moderately drained soils. Furthermore, topography plays a significant
role in influencing the spatial variation of ECa [132].

Agricultural producers prefer this approach of treating the plots homogeneously, as it
is quicker and easier to implement. However, uniform application leads to the economic
inefficiency of these production systems and high environmental costs [6], since it does not
consider the spatial variability of the soil [79]. In this regard, the concept of Management
Zones (MZ) arises, which consists of managing areas of agricultural fields in a differentiated
way, depending on the needs and physical-chemical characteristics of the soil. MZ are a
form of PA, whose main objective is to decide on the quantities of production factors to
be applied in a given situation, depending on the soil and the crop [79]. This concept is
different than the traditional production method since it manages the variability of the
plots to increase productivity and efficiency by using production factors, not forgetting
environmental protection [133]. According to Koch et al. (2004), cited by [6], the MZ
brings economic efficiency and a reduction in production factors to the producer. These
production factors are only applied where and when needed in each zone [6]. Therefore,
according to those authors, when comparing the cost-effectiveness between variable rate
technology (VRT) and uniform application, there is a clear advantage for the former, in
different situations and with different fertilizers. Each MZ, according to Seelan et al. [91],
becomes a differentiated management unit in which profitability can be increased, reducing
production factors, through VRT.

Figure 5 is a summary of the use of different expedient technologies for soil and
pasture monitoring.

Table A2 (Appendix A) summarizes the works mentioned in Section 3, where one can
observe which technology or sensor was used, the general and specific application, the
type of sensor used, and the geographic location where each experimental study occurred.
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Figure 6 shows the percentage of studies that were cited in Section 3 that looked
at proximal sensors, remote sensors, and both. In these studies, the potential of using
different technological tools to monitor and characterize the different components of
Montado was tested.

‘ Decision making

Figure 5. Summary diagram of technologies referred to in this review for soil and rangeland monitoring.

Monitoring technology type

22.6%

11.3%

@ Proximal sensing O Remotesensing M Both

Figure 6. Monitoring technology type.
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Figure 7 shows the percentages of studies cited in Section 3, referring to different
components of Montado (pasture, soil, grazing, and trees, among others), monitored and
characterized with different proximal and/or remote sensors.

Main component of the ecosystem - Montado

48.4%
11.3%

22.6%

@ Pasture @ Soil @ Topography O Grazing W Others

Figure 7. Main component of the ecosystem—Montado.

4. Grazing

Grazing is a vital issue for the management of agricultural areas and for nature
conservation [134,135]. Grazing is a biological activity in which plants, animals, and the
environment interact with each other [136]. Voisin and Lecomte [58] defined grazing as the
animal meeting with the pasture. For Beetz and Rinehart [25], it is a cheap and relatively
simple way to generate income for the producer, since the animals move and consume
the food in the place where it is produced. In this way, cutting, transporting, storing, and
distributing to animals are avoided. According to Zhu et al. [60], pasture biodiversity is
influenced by its type (temporary vs. permanent), the type of grazing, and the animal
species that graze it (cattle, sheep, pigs). Intermittent grazing is the grazing management
system that most frequently supports extensive livestock production in Montado. In this
system, the animals rotate through the various pasture plots, individualized by fences,
without any order and/or pre-defined periods. However, continuous grazing may occur
in larger areas. In Montado, the length of stay in grazing areas varies from year to year,
not following a predefined plan but based on the assessment of the pasture, subjectively
assessed by the head of exploration [11]. This empirical method comes from practical
experience accumulated over time and cannot be expressed using any equation Voisin
and Lecomte [58]. When making informed decisions, in this context, the producer must
consider the amount of pasture available, the area of the plots and the estimated growth
rates, the number of animals, and their nutritional needs [25].

4.1. Effects of Grazing on Soil and Pasture

Guevara-Escobar et al. [54] report that soils used as pasture tend to acidify due to
NOjs_ leaching, nutrient extraction, and OM accumulation in the soil. As with crops, the
presence of animals can also lead to soil acidification due to the extraction of nutrients [5].
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However, this acidification process is only relevant in the long term, in addition to the
fact that the soils that support pastures are more protected against erosion [25]. The
main contribution of animal production to soil acidification is the flow of urine, which
passes through soil macropores, surpassing the surface layers. Acidification can become
even more significant if, in addition to the leaching of nitrates, there is also leaching
of basic cations [5]. The Stocking rate is the main factor that defines soil acidification
rates, since more animals can also increase acidification due to urine dynamics [137]
and the export of basic cations [5], such as Ca?* and Mg*. However, the acidification
process is temporary since the decomposition of organic residues from plants improves
soil acidity [138].

In this sense, there is a clear advantage for silvopastoral systems, such as Montado,
in which residues from pastures and trees contribute to this attenuation of soil acidity.
On the other hand, according to Martins et al. [5], grazing over several years during the
winter, regardless of the stocking rate, contributes to a higher soil pH when compared to
plots where only crops are produced without any grazing. According to this study, the
availability of Ca>* and Mg* at the end of 11 years of trials was also greater where there
was grazing during the winter, regardless of stocking, than it was in plots where this was
not verified, with the final balance also being less harmful.

This study demonstrates that neither the introduction of grazing animals on crop-
land nor the stocking rate led to more significant soil acidification. According to Buterlly
et al. [138], crop residues, which remain in the soil, are very important for the redistribu-
tion of its alkalinity. However, these authors also note that it is difficult to evaluate the
direct biochemical effects of residues on the pH of the soil from agronomic processes
since the alteration of the pH of the soil by residues will depend on the relative contri-
bution of the processes of the production or consumption of alkalinity and the depth
at which they occur. According to Wang et al. [77], there is clear evidence that grazing
affects the activity and composition of communities of microorganisms in the soil and
vegetation, thus affecting the sequestration of methane in the soil, which, according to
Tang et al. [72], may contribute to global warming. However, there are contradictory
positions regarding methane sequestration in soils where grazing occurs. Liu et al. [139]
reported that grazing with 4 to 5 ewes/ha during the day, between November and April,
led to a decrease in CHy4 sequestration in the soil by 47% in the temperate semi-arid
steppes of China during the growing season pasture. Qi et al. (2005), cited by [72],
inferred that continuous grazing during the pasture growing season led to increased
CHj, sequestration in the soil. Therefore, according to Tang et al. [72], CHy4 sequestration
in soils where there is grazing may depend on the intensity of grazing, its duration, or
the physicochemical conditions of the soil.

Soil CHy sequestration decreases with an increasing stocking rate. In the study by
Tang et al. [72], this significant effect was only verified with a high stocking rate since, with
moderate and low stocking rates, there were no significant differences in grazing. A higher
stocking rate, according to this study, also leads to a decrease in soil organic carbon (5%),
soil moisture (16%), and pasture biomass (114%). Additionally, regarding the duration
of grazing, Tang et al. [72] found significant differences, and the sequestration of CHy in
the soil decreased with the increase in the number of days of grazing. This trend is even
more remarkable when there is continuous grazing over months or years, with significant
decreases being verified if grazing is continuous over ten years.

4.2. Grazing Systems

The choice of grazing system is the key to the success or failure of an agricultural
operation, both economically [25] and environmentally. Continuous grazing entails grazing
the same plot, during the grazing season, year after year [140], generally with a relatively
low stocking rate. According to Tang et al. [72] long grazing periods negatively affect
methane uptake in the soil and, consequently, decrease carbon sequestration in pastures
and soil. In addition, continuous grazing is one of the factors responsible for the degradation



Appl. Sci. 2023,13, 6242

23 of 40

of ecosystems where overgrazing occurs [64]. In continuous grazing systems, excessive
trampling harms the pasture and the soil [58].

On the other hand, according to Barriga [62], in continuous grazing systems, nutri-
ents are returned to the soil through feces and urine. In the Patagonian steppe, in South
America, grazing with domestic herbivores is still recent. However, it has caused severe
degradation, mainly due to continuous intensive grazing, albeit in very large and very
heterogeneous enclosures [140]. The diversity of plant species leads to selective grazing
and excess dry residues on the soil surface, which translates into the replacement of
preferred species by non-preferred species [25,140], not necessarily being those intended
in the pasture, in terms of nutritional value. However, we must remember that there
are no good or lousy grazing systems. Some grazing systems are designed to achieve
particular objectives according to the soil and climate conditions, the relief, the soil, the
animal genotypes, and the production system. In this context, Pereira et al. [141] state
that, considering the diversity of plant species, soil types, and climatic conditions of
rangeland ecosystems around the world, agronomic practices and pasture improvements
for achieving “intensification” targets differ widely across countries and regions. This
statement is corroborated by Holechek [140] when he states that, for a grazing system to
be beneficial and function properly, the needs of vegetation, soil, and animals, which are
part of these production systems, must be taken into account. Continuous grazing has
some limitations, as it allows for selectivity and causes heterogeneity in the pasture. In
this way, overgrazed and undergrazed areas occur simultaneously [140,142], reducing
the possibility of the recovery of the more grazed areas [143]. However, in a study carried
out in plots dominated by weedy shrubs (Cistus Ladanifer L.), the authors concluded that
continuous grazing with 2 to 3 AU/ha led to a decrease in the number of shrubs and an
increase in desirable herbaceous plants with good nutritional value, especially from the
Poaceae and Fabaceae botanical families [143].

On the other hand, using pasture intermittently, through deferred grazing in sev-
eral plots (multi-paddock), leads to satisfactory productive, ecological, and economic
results [144]. Deferred grazing involves grazing the plot in longer or shorter grazing peri-
ods depending on the amount of pasture, generally with a high stocking rate [1]. Thus, it is
crucial to define the number of plots to reduce the occupation time of each one; not all need
to have the same area, but they do need to have the same production capacity [58]. In this
sense, Holechek [140] infers that deferred grazing makes it possible that areas preferred by
animals are not as harmed as in continuous grazing, regarding the vigor and production of
plants in these areas.

Miao et al. [64] carried out a study of Yak grazing in China in which they com-
pared three levels of deferred grazing—low stocking rate—0.75 yak/ha; average stocking
rate—1 yak/ha; and high stocking rate—1.25 yak/ha—with a plot where there was no
grazing. The authors state that, in the plot without grazing, there was a more outstanding
production of pasture biomass (1272 kg/ha), followed by the plot with a low stocking rate
(1250 kg /ha), the plot with a medium stocking rate (1076 kg/ha), and, finally, the plot with
a high stocking rate (925 kg/ha). Concerning the nitrogen content (related to crude protein)
of the pasture, the highest value found was for the plot with a high stocking rate (16.3%),
followed by the one with a medium stocking rate (15.3%), the one with a low stocking rate
(14.8%), and the plot where there was no grazing (14.2%). However, a more significant
daily weight gain by the animals in this study occurred in the plot with a low stocking rate
(489 g/yak/day), followed by the plot with a medium stocking rate (439 g/yak/day), and,
finally, the plot with a high header (394 g/yak/day).

Regardless of the type of grazing, its management may be necessary, containing the
harmful effects on the trees in the pasture in their juvenile phase. For this reason, the
stocking rate, the rotation of livestock species among the plots, the length of stay in each
plot, and the composition and amount of supplements supplied to the animals should
be conveniently evaluated [45]. Thus, deferred grazing can minimize the detrimental
effects of selective overgrazing in areas preferred by animals [144]. According to Barcella
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et al. [145], overgrazing can lead to soil degradation and the loss of biodiversity. On the
other hand, undergrazing can lead to a greater preponderance of less palatable species
with lower food value and to replacing pastures with forests, with a loss of habitat.
According to Voisin and Lecomte [58], deferred grazing is recommended, with short
grazing periods and long resting periods, in semi-arid regions. This recommendation
could be applied to the case of Alentejo. According to Voisin and Lecomte [58], de-
ferred grazing is the most correct technique for improving the floristic composition
of a degraded pasture. Deferred grazing, although it may allow the animal a relative
selection of the pasture, allows the total DM ingested to satisfy the nutritional needs of
the animals without compromising an abundant production of good-quality grass [58],
provided that the necessary conditions for this production (appropriate precipitation
and temperature) exist.

On the other hand, continuous grazing has some advantages, especially concerning
lower investments in physical fences to separate grazing plots and animal watering, further
simplifying pasture and grazing management [25]. Additionally, Holechek [140] and Santos
et al. [146] state that continuous grazing presents better productive results for the animals
since they can select their diet. In practical terms, converting from a continuous grazing
system to a deferred grazing system implies more significant management needs and major
changes in livestock farming, such as the plot sizing stocking rate calculation, watering,
and grazing time in each plot [25].

4.3. Biotic Loads per Unit Time and Area

Whenever there is grazing in a specific area, there is a rest period for the pasture so that
the plants can recover and replenish their root reserves [58]. According to these authors,
the periods between each grazing event should be variable, avoiding, as much as possible,
that the same plants are not bit off more than once, in the same grazing event, without
resting the plot. In this segment, deferred grazing systems are the most recommended,
with advantages for the animal and for the pasture. Beetz and Rinehart [25] also state that,
after each grazing period, a leaf area should be left, which allows for the rapid regrowth of
the pasture without harming the root reserves of the plants. In grazing systems with a high
stocking rate, in a short period and with a subsequent rest period of 7 weeks (short-term
grazing), more significant infiltration of water into the soil is promoted, the selectivity is
reduced, and the leaf area index is improved [140]. After a grazing period, rest periods
for pastures are essential for maintaining pasture productivity [147] and for planning the
following grazing periods [25].

On the other hand, the stocking rate influences the performance and productivity of
grazing animals in an ecosystem [64]. The stocking rate and grazing period can influence
the feed quality, pasture intake, and animal performance [148]. Grazing management affects
the growth and development of rangelands [149]. Animal behavior changes depending
on the stocking rate and the season of the year [59]. Increasing the stocking rate increases
the grazing time [150]. In a study carried out in China by Xiao et al. [59] to evaluate the
effects of grazing on the pasture, comparing two levels of stocking rates (8 ewes/ha and
16 ewes/ha) revealed that the height, herbage mass, and density of the pasture, as well as
the CP concentration, were significantly higher, with a lower stocking rate, while the NDF
and ADF concentrations were significantly lower.

On the contrary, Miao et al. [64] report that more significant stocking rates confer more
excellent nutritional value to the pasture. However, they negatively affect the quantity
produced since the plants are more grazed, preventing the advancement to other pheno-
logical states. According to Fonseca et al. [61], height is a very important variable for the
managing pastures and grazing, whether with fixed or variable stocking. Barriga [62] states
that an ideal average height should be found. Moraes et al. [74] report that the pasture
height correlates with the pasture mass. In a study carried out in the United Kingdom on
permanent pasture composed of perennial grasses, Bell et al. [126] found robust correlations
between height and GM (r2 = 0.87) and height and DM (r2 = 0.84). The same study states
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that pastures with average heights of less than 7 cm lead to lower nutritional values. In a
study carried out by Fonseca et al. [61], intending to define the ideal height of sorghum
for direct grazing by beef heifers, the authors state that the ideal height is 50 cm since it
allows for a maximum ingestion rate, also increasing the weight gain of the animals. In
addition, heights below 50 cm can seriously compromise the regrowth of the plants after
being grazed.

On the other hand, according to Miao et al. [64], concerning the dead biomass that
remains on the soil in the summer and can prevent plant germination in the following
autumn, higher stocking rates lead to lower mantle death, and vice versa. The stocking rate
has a negative linear relationship with the amount of dead biomass. It should be noted that
wet years allow for grazing with greater stocking rates than dry years. According to Bell
etal. [126], with a moderate stocking rate, the pasture has superior forage digestibility, since
there is constant growth with a more significant presence of more nutritious vegetative
material (leaves and young stems). Grazing with a moderate stocking rate reduces the
effects of animals trampling the soil, preventing compaction. It should be taken into
account that, with moderate biotic loads, there is an adequate production of plant residues
aboveground, contributing to the protection of its structure [62] and increasing fertility.
Overgrazing can lead to soil degradation and the loss of biodiversity.

In contrast, under-grazing can lead to a greater preponderance of less palatable species
with lower food value and the loss of habitat, overlapping a shrub layer [145]. Both should
be avoided [58]. In extensive systems, the marginal bioclimatic nature of grazing in arid,
semi-arid, and humid tropical soils plays a fundamental role in establishing different
“patterns of regional degradation”, such as desertification, the invasion of woody species,
and deforestation [141]. According to Asner et al. [151], these processes generally lead to a
situation in which the negative impacts of drought and low soil fertility are exacerbated by
intensive grazing. Consequences include an increasing proportion of bare soil and increased
soil compaction in affected rangeland areas. Both changes reduce water infiltration and
increase runoff, erosion rates [151], and soil degradation [152], and an invasion of weeds
may occur [141].

Pastures are usually managed by establishing the stocking rate, with relatively low
grazing pressures, allowing animals to choose their diet [33]. According to Holechek [140]
and Sales-Baptista et al. [153], animals tend to spend more time in preferred pasture
areas, where the essential resources are found, such as food, water, shade, and protection.
The structure and composition of plant communities constituting pastures are affected
by grazing in general [58,64] and, above all, by selective grazing [154]. Selective grazing
occurs when the stocking rate is low concerning the green mass produced [155]. Further-
more, when the floristic composition of the pasture is heterogeneous, there is a greater
tendency for selective grazing to occur, although it depends on the phenological states of
the different species throughout the year [1]. According to Faria [156], replacing sheep
with cattle on farms in the Iberian Peninsula led to changes in grazing management
(number of grazing days and animal rotation), the grass structure, and the floristic
composition of the pasture. However, the latter was affected to a lesser degree. A low
stocking rate leads to a greater availability of the pasture per animal, allowing for the
choice of preferred plants and parts of plants [25], which have the highest nutritional
value, with animals spending less energy in the search and capture of food. Thus, accord-
ing to Barriga [62], animal efficiency is maximized due to the higher feed conversion,
requiring less pasture. However, Heady [157] states that animals select different plants
and parts of plants depending on the time of year and the phenological state. Grazing
cattle tend to choose plants and plant parts that provide nutrients according to their
needs [58]. However, it must be taken into account that selective grazing tends to pro-
mote the degradation of pastures since animals ingest plants with greater nutritional
value and are more palatable, not allowing them to produce seeds or keep them alive
to ensure the continuity of the species. In this case, the plants that are perpetuated in
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the pasture are those with lower nutritional value and those that are less palatable, thus
leading to the gradual degradation of the pastures [25].

On the other hand, overgrazing can lead to low soil coverage by perennial plants
(Nie et al., 2005), cited by [158], which leads to several productive and environmental
problems, such as the low growth of the plants that make up the pastures, erosion and the
loss of soil fertility, and the loss of biodiversity [158]. According to these authors, studying
and developing pasture and grazing management strategies for restoring soil cover by
perennial plants is crucial. A severe problem with our production systems is not so much
overgrazing as a lack of management and balance. Animals are often placed on pasture
without any kind of control, either from the point of view of the animal (species, breed,
stocking rate, body condition) or the pasture (height, density, species, phenological state).
Overgrazing can occur both in continuous and deferred grazing systems.

Regarding the shape of the plots, we must bear in mind that there are zones of access
to water, or the exit/entrance, which have the shape of a funnel (angle below 45°) [58].
The soil and pasture of these zones will be negatively affected by trampling [58]. Troughs
must be in such a way as to avoid excessive trampling in certain areas, contributing to the
degradation of the soil and pasture in these places, reducing the useful area of the plots.

4.4. Importance of Grazing in the Equilibrium of Ecosystems

The animal is the fundamental component for grazing systems, with a soil-plant—
animal relationship. This interaction allows for the recycling of nutrients through urine
and feces, leading to lower production costs and environmental impacts, maximizing
the use of nutrients in the system [136]. According to a survey carried out by Garrido
et al. [159], with stakeholders of the Dehesa agro-silvo-pastoral system, grazing is
a management practice considered fundamental to maintaining an open landscape
structure that supports biodiversity.

According to Garrido et al. [159], many marginal soils were abandoned in the last
decades in the Dehesa, resulting in the invasion of bushes and, therefore, increasing
the probability of the occurrence of forest fires. If used as pasture, these soils can be
used and managed in a beneficial way for animals, the environment, and the rural
population. Watkinson and Ormerod [135] stated that plant and animal biodiversity
depend on grazing intensity. According to Belo et al. [45], in denser Montados, grazing
may benefit the strength of the recovery of the trees by removing herbaceous vegetation
and some brushwood, which are fire enhancers. Added here are the beneficial effects
of maintaining soil fertility and reducing production costs [160]. On the other hand,
we must consider that producers are interested in obtaining the best productive results
and profitability, maintaining the sustainability of production systems and biodiversity,
and requiring the integration of knowledge of the biology of the species and the correct
adjustment of management actions [144].

Table A3 (Appendix A) summarizes the works mentioned in Section 4, where one
can verify the animal species used in grazing, the evaluated parameters, the grazing, the
stocking rate, and the region/country where the study occurred.

Figure 8 shows the percentages of studies cited in Section 4, referring to the animal
species that was used in grazing in each experimental work.
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Figure 8. Animal species in studies cited in Section 4.

Figure 9 shows the percentage of studies cited in Section 4, referring to each grazing
system. Most experimental work has tested various types of grazing.

Grazing system
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@ Others

Figure 9. Grazing systems referred to in Section 4.

5. Concluding Remarks

Montado is a very complex agro-silvo-pastoral ecosystem characteristic of the south of
Portugal. Its complexity comes from the interrelations between its fundamental
components—soil, pasture, trees, and animals—associated with the Mediterranean cli-
mate. It is characterized by significant irregularities in precipitation and temperature
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between years and within the year itself, and this high complexity makes it difficult to
understand it as a whole.

In this review, given its length and the many themes underlying and interconnecting,
it becomes clear how complex the Montado ecosystem is, as the literature reveals.

The scientific works published in indexed journals about Montado only deal with
some of its components, not knowing published works that are integrators, as provided
in this review. There are some books and book chapters that focus on the history of
Montado and describe each of its components, with some scientific data. Some of these
data come from research projects, mainly in the 1980s and 1990s of the last century.
Furthermore, some of the agricultural practices described in these books result from the
empirical knowledge of agricultural producers and managers who work in production
systems based on Montado.

As for technologies with the potential to monitor the Montado ecosystem, there are
several published scientific papers, some of which are cited here. Based on the results of
these studies, several expeditious technological tools allow for monitoring and estimating
physical-chemical properties of the soil, as well as the nutritional value and productivity of
pastures, with good correlations with traditional methods.

According to studies cited in this review article, using expedited technologies to
estimate the productivity and/or quality of pastures and for soil characterization, several
tools already exist. These tools allow for more accurate decisions in the Montado ecosystem,
without resorting to traditional sampling techniques and laboratory procedures.

To estimate pasture productivity, the Grassmaster 1l capacitance probe proved to be
a good tool to be used in Montado. In turn, to estimate pasture quality in this ecosystem,
we can use the optical sensor OptRex (NDVI), with which very strong correlations were
obtained with CP and NDF. The portable micro NIR also has the potential to estimate CP
and NDF in the Montado ecosystem pastures.

The ECa, measured with the Veris sensor, proved to be very effective in characterizing
soil as well as estimating the nutrient concentrations and percentage of OM.

The least studied component is grazing, which we consider crucial in agro-silvo-
pastoral systems. Therefore, it is considered essential and extremely important to carry out
experimental tests that allow us to understand how the animals, the animal species, the
stocking rate, and the grazing system can influence the soil, pasture, and trees in Montado.
It will also be necessary to associate these experimental works, with a greater focus on
agricultural and animal production, with an environmental component.

Due to the high complexity of Montado, experimental work involving all components
will also be complex. However, it is essential to perform it to understand its complexity
better and to be able to contribute to its conservation, improve the efficiency of the produc-
tion systems based on it, and improve the sustainability and resilience of the ecosystem
without forgetting animal welfare.
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Appendix A
Table A1. Works cited in Section 2.

Reference Production System Component Country/Region
[18] Montado Animals—Alentejano Pigs Portugal (Alentejo)
[36] Crops and irrigated Climate Portugal (south)
[26] Dehesa Climate Spain
[34] General Climate Portugal
[3] General Climate and agriculture Portugal
[20] Montado/cork oak Description of cork oak/Montado Portugal
[28] Dehesa Ecosystem functions and services Spain
[9] Montado Ecosystem functions and services Portugal (Alentejo)
[1] Montado Floristic composition Portugal (Alentejo)
[53] Montado Floristic composition Portugal (Alentejo)
[60] Meadow steppe Floristic composition China
[45] Montado General Portugal (Alentejo)
[19] Montado General characterization Portugal (Alentejo)
[11] Montado General characterization Portugal (Alentejo)
[10] Montado General characterization Portugal (Alentejo)
[27] Montado General characterization Portugal (Alentejo)
[17] Montado General framework Portugal (Alentejo)
[25] Pasture Grazing Review
[4] Montado Monitoring technologies Portugal (Alentejo)
[2] Montado Monitoring technologies Portugal (Alentejo)
[35] High-mountain pastures Pasture Italia
[54] Hill pastures Pasture New Zealand
[63] Pastures ecosystem Pasture New Zealand
[71] Pastures ecosystem Pasture Portugal
[39] Permanent pastures Pasture Portugal (Alentejo)
[51] Silvopastoral system Pasture New Zealand
[29] General Pasture and forage Portugal
[59] Hill pastures Pasture and grazing China
[64] Hill pastures Pasture and grazing China
[60] Meadow steppe Pasture and grazing China
[76] Pastures ecosystem Pasture and grazing China
[61] Pastures ecosystem Pasture and grazing Brazil
[52] Silvopastoral system Pasture and trees New Zealand
[72] Eurasian steppe Pasture, soil, grazing China
[65] Pastures ecosystem Pasture, soil, grazing and climate Portugal (south)
[33] Pastures Pastures and grazing Australia
[58] Pastures ecosystem Pastures and grazing France
[41] Annual crops Soil Portugal (south)
[22] Crop and soil Soil Mediterranean region
[23] Crop and soil Soil Review
[24] Crop and soil Soil Review
[48] Dehesa Soil Spain (Andalucia)
[40] Soil general Soil Portugal (Alentejo)
[70] Agroecosystems Soil and pasture New Zealand
[44] Grazed pasture Soil and pasture New Zealand
[68] Pastures ecosystem Soil and pasture USA
[38] Permanent pastures Soil and pasture Portugal (Alentejo)
[49] Dehesa Soil and trees Western Spain
[73] Pastures ecosystem Soil, pasture, and floristic composition Island
[74] Crop Soil, pasture, and grazing Brazil

Silvopastoral system
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Table Al. Cont.

Reference Production System Component Country/Region
[62] Silvopasctéi')fl system Soil, pasture, and grazing Brazil
[77] Pastures ecosystem Soil, pasture, and grazing China
[69] Crop-livestock systems Soil, pasture, and irrigation South-Portugal
[43] Montado Soil, pasture, and trees Portugal (Alentejo)
[21] Montado Soil, ruminants, and pigs Portugal (Alentejo)
[32] Montado Technologies and pastures Portugal (Alentejo)
[118] Montado Technologies, pastures, and soil Portugal (Alentejo)
[15] Montado Trees Portugal-Ribatejo
[75] Montado Trees Portugal (Alentejo)
[14] Montado Trees and pasture Portugal (Alentejo)
[50] Silvopastoralism Trees, pasture, and grazing New Zealand
[30] Dehesa Trees, pasture, and soil Spain (Extremadura)
[67] Montado Trees, pasture, and soil Portugal (Alentejo)
[12] Wood pastures of Europe Trees/forests Europe
Table A2. Synthesis of the works cited in Section 3.
Reference  Technology/Sensor General Specific Application Sensor Type Country/Region
Application
[96] GNSS Animal monitoring Not applicable Satellite Australia
[91] Remote sensing Crops Fertﬂlfl;rp?iréiégrr:glade Po;iglei tind USA
[94] PA general Crops Not applicable Not applicable Review
[99] RTK in GNSS Crops Altimetry Portable Brazil
[116] Remote sensing Crops Management zones Satellite Argentina
[97] RTK in GNSS Crops Operation crop weed Satellite? and Ttaly
control mobile
[8] General sensors Forage crops Biomass production Not applicable Review
[95] Total FOIF® Forests Altimetry Satellite Brazil
modelo OTS685(L)
[100] GNSS Forests Altimetry Portable Norway
[128] P(];l:it’}liolj)lislﬁg d Meat Meat Quality Fixed and portable Italy
[101] NRTK Olive grove Altimetry Portable Spain
CP, ADE, NDF, ash,
[56] Spectroradiometer Pasture DCAD, lignin, lipd, ME, Portable New Zealand
OMD
Multispectral CP, ADF, NDF, ash,
[71 . Pasture DCAD, lignin, lipids, ME, Portable New Zealand
radiometry OMD
[57] Ultrasonic and Pasture Biomass production Portable Germany
Spectral Sensor
[89] PA general Pasture Productivity and quality PO;ZEIIE tznd Review
[92] Grassmaster II Pasture Biomass production Portable Portugal (Alentejo)
[43] OptRx Pasture Ash, CP and NDF Portable Portugal (Alentejo)
[121] Grassmaster II Pasture Biomass production Portable Portugal (Alentejo)
[108] ({ﬁ?‘;ﬁ:ézrlr\ffj) Pasture Temperature Portable Portugal (Alentejo)
Multispectral
[78] pro;;?ﬂi;;jors Pasture Productivity and quality Fixed Australia

cameras
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Table A2. Cont.

General e o . .
Reference  Technology/Sensor Application Specific Application Sensor Type Country/Region
OptRx and . .
[81] Grassmaster IT Pasture Productivity and quality Portable Portugal
[84] Capacgiggz Meter Pasture Biomass production Portable USA
[85] Not applicable Pasture Biomass production Portable USA
Sensor Fusion . .
[86] for PA Pasture Quality Portable Australia
Indirect
[87] methods—rising Pasture Biomass production Portable Brazil
plate
[112] Proximal Sensing Pasture Quality pasture Portable USA
Hyperspectral . . .
[114] Remote Sensing Pasture Biomass production Portable China
[115] Proximal Sensing Pasture Biomass production Portable Germany
Proximal and Satellite and .
[117] Remote Sensing Pasture DM, CP, and NDF portable Portugal (Alentejo)
General evaluation . . . .
[122] methods Pasture Biomass production Not applicable Brazil
General evaluation . . . .
[123] methods Pasture Biomass production Not applicable Review
Capacitance . .
[124] Meter Probe Pasture Biomass production Portable USA
Capacitance . .
[125] Meter Probe Pasture Biomass production Portable USA
CP, CF, NDF, ADF, ADL .
[83] Benchtop NIRS Pasture and Ash Fixed Italy
[66] Portable NIRS Pasture CP and NDF Portable Portugal
[126] Portable NIRS Pasture Prodution and quality Portable England
DM, CP, NDF, Ash, EE, .
[127] Benchtop NIRS Pasture 'ADF, and ADL Fixed Italy
[111] ASD ViewSpect® Pasture N, P, K, ADF, and NDF Portable Turkey
™
[120] Pastu\r/e 4P;obe Pasture Biomass production Portable Finland
[110] Proximal Sensing Plants Variations Of. Portable USA
photosynthesis
[129] Portable NIRS Semolina Quality Portable Italy
[6] PA general Soil Variable-Rate Fertilization Not applicable Review
[79] Veris 3100 Soil Apparent e!ec.:trlcal Towable Argentina
conductivity
[98] GPS Soil Altimetry Portable Brazil
Visible-Near-
[102] Infrared Soil Soil fertility Fixed Brazil
(vis—NIR)
[104] Veris Soil Apfg;«&cllzcceé‘e]?:;lcal Towable Spain
[105] Not applicable Soil Ap};)g;edrgciitiiglcal Not applicable Brazil
RTK in GNSS and . Apparent electrical Towable and .
[106] “Dualem 1S5” Soil conductivity portable Portugal (Alentejo)
[80] Benchtop NIRS Soil OM and P Fixed Portugal (Alentejo)
[38] RTK (GPS) Soil Altimetry and P Portable Portugal (Alentejo)
Veris 2000 XA and . Apparent electrical .
[109] DUALEM 1S Soil conductivity Towable Portugal (Alentejo)
Sensor Fusion . . Satellite, towable,
[130] for PA Soil Not applicable and portable USA
[103] Electromagnetic Soil Apparent electrical Towable Northern Europe

induction sensor

conductivity
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Table A2. Cont.
Reference  Technology/Sensor General Specific Application Sensor Type Country/Region
8y Application P PP P RAN
[131] Veris 3100 Soil Apparent e!equcal Towable Spain
conductivity
[132] Veris 3101 Soil Apparent electrical Towable USA
conductivity
Variability soil; .
. . L. Portable, fixed, .
[88] PA general Soil and pasture Productivity and quality and satellite Review
of pasture
VRT, Veris 2000 Apparent electrical Satellite. towable
[108] XA, and Trimble Soil and pasture conductivity, NDVI, and nd / ctabl * Portugal (Alentejo)
RTK/PP-4700 GPS NDWI and portable
[90] PA general Soﬂ,pc;r;ﬁ;,;nd Prodution and soil fertility Not applicable USA and Denmark
Soil, pastures, and . . .
[107] PA general animals Not applicable Not applicable Review
[119] Remote Sensing Trees Estlmatlr;i";zere canopy Satellite Portugal (Alentejo)
[93] PA general Not applicable Not applicable Not applicable Review
[133] PA general Not applicable Not applicable Not applicable Review
PA—Precision Agriculture; CP—crude protein; ADF—acid detergent fiber; NDF—neutral detergent fiber;
DCAD—dietary cation-anion difference; ME—metabolizable energy; OMD—organic matter digestibility;
OM—organic matter; P—phosphorus; DM—dry matter; CF—crude fiber; ADL—acid detergent lignin; EE—ether
extract; N—nitrogen; K—potassium; GNSS—global navigation satellite systems; GPS—global position system;
NIRS—near infrared spectroscopy; RTK—real-time kinematic; NRTK—network-based real-time kinematic.
Table A3. Synthesis of the works cited in Section 4.
Grazing Evaluated . . .
Reference Species Parameters Grazing Type Stocking Rates Country/Region
[134] Cattle FIOIISFIF Continuous vs. Seasonal Moderate, heavy, Israel
composition and very heavy
[135] Not applicable Not applicable Not applicable Not applicable Review
[58] Not applicable Not applicable Continuous vs. Deferred Not applicable France
[25] Not applicable Not applicable Rotational Not applicable
Floristic Deferred only with Moderate .
[60] Cattle, Goat, Sheep composition diurnal grazing (7 sheep/ha) China
Cattle, Goat, Sheep, . Continuous and Equivalent to 1 to 7
[ and Pig Not applicable intermittent sheep/ha Portugal
CP, ADF, NDF, . .
[54] Cattle and Sheep Ash, ME, and DM Rotational Not applicable New Zealand
[54] Cattle and Sheep Florls.n.c Rotational Not applicable New Zealand
composition
Soil chemical Intensive,
[5] Cattle . Deferred moderate, and Brazil
properties .
no-grazing
[138] Not applicable pH soil Not applicable Not applicable Australia
[77] Cattle, Goat, Sheep Metane emission Deferred Light, moderate, China
and sequester and heavy
Metane emission . Light, moderate, .
[72] Sheep and sequester Not applicable and heavy China
[139] Sheep Methane uptake Deferred only .Wlth 4 to 5 sheep/ha China
diurnal grazing
. Behavior of . . .
[136] Not applicable grazing Not applicable Not applicable Review
[62] Cattle Pasture height Deferred Not applicable Brazil
Cattle, Goat, Sheep, . . Spain
[159] and Pig Stakeholder survey Not applicable Not applicable (Extremadura)
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Grazing Evaluated . . .
Reference Species Parameters Grazing Type Stocking Rates Country/Region

DM, CP, EE, Ash, Contin and

[160] Sheep NDE, ADF, and ontmuous Not applicable Italy

Rotational
ADL
. . Deferred, Continuous, and . .

[144] Not applicable Not applicable Rotational Not applicable Review

[140] Not applicable Not applicable General grazing systems Not applicable Not applicable
N, ADF, CE, ME, Continuous only with 0.75,1,and 1.25 .

[64] Yak and DM; LWG diurnal grazing yak/ha Tibetan Plateau
[141] Not applicable Not applicable Sustalg;;leerfsrazmg Not applicable Review
[142] Cattle Florlsp.c Contmugus and Moder.ately USA

composition Rotational heavily
[143] Sheep FlOI‘lS.tI.C Continuous 14 to 21 sheep/ha Portuga% (central
composition region)
Floristic . 7 sheep/ha vs. 16 .
[1] Sheep composition Continuous and Deferred sheep/ha Portugal (Alentejo)
Floristic
[145] Cattle composition and Continuous 0.8 cattle/ha Italy
Behavior
Pasture selectivity . .
[146] Sheep and height Continuous and Deferred 28 sheep/ha Brazil
DM, CP, NDE,
[147] Sheep ADF, ADL, LWG, Continuous and Deferred 0,6.7,and 9.3 China
oL sheep/ha
and Digestibility
. 15,3,45,6,7.5, .
[148] Sheep LWG Continuous and Deferred and 9 sheep /ha China
DMD, CP, height, . .
[149] Cattle and Intake Not applicable Not applicable Japan
[152] Not applicable Not applicable Not applicable Not applicable Review
CP, CPI, DM, DMI, 8 sheep/ha and 16
[59] Sheep ADF, NDF, EE, and Continuous sheep/ha at China
. sheep/ha
Behavior
DM, Height,
[61] Cattle Short-term intake Short-term intake Not applicable Brazil
rate
. . . . Brazil

[74] Not applicable Not applicable Not applicable Not applicable (Review)

[141] Not applicable Not applicable Not applicable Not applicable Review
LWG and wool . :

[33] Sheep prodution Rotational 7 sheep/ha Australia
[153] Not applicable Not applicable Not applicable Not applicable Review (Montado)
[151] Not applicable Not applicable Not applicable Not applicable Review
[155] Not applicable Not applicable Not applicable Not applicable Review

Height and floristic . . .
[156] Cattle and Sheep composition Not applicable Not applicable Portugal (Alentejo)
. Continuous vs. . .
[157] Cattle and Sheep Not applicable Specialized Not applicable Review
Soil moisture and No-grazing, Continuous
[158] Sheep ﬂOI‘lS‘L:IC. and Deferred Not applicable Australia
composition
[137] Cattle LWG, DlgeSt.l bility, Continuous Moderate and Low England
and Excretions
[150] Sheep Behavior of Continuous 2,3,4,6,8 and 11 China

Grazing and OMI

sheep/ha

CP—crude protein; ADF—acid detergent fiber; NDF—neutral detergent fiber, ME—metabolizable energy;
OMI—organic matter intake; DM—dry matter; CF—crude fiber; ADL—acid detergent lignin; EE—ether ex-
tract; N—nitrogen; LWG—Ilive weight gain; DMD—dry matter digestibility; CPI—crude protein intake; DMI—dry
matter intake.
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