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| 1. Introduction

Projections suggest that by 2030, domestic ruminant numbers in developing countries will exceed those of the entire
planet in 2000 &, Meeting the booming demand for livestock and livestock products, therefore, requires the development
of more efficient, sustainable and alternative feeding systems to support the future forage requirements, which cannot be
sustained by single species grass-feeding systems &. Rangelands are native vegetation environments with
heterogeneous vegetation cover including grasses, creepers, shrubs and trees. These ecosystems have served as a
source of food for livestock for centuries B4l In many parts of the world, these systems provide the main forage resource
for traditional livestock Bl or represent the only commodity available to very poor communities &, affecting the
livelihoods of millions of people.

However, commonly most people consider rangelands as a “waste-land” because its conditions are unfit for many human
agricultural activities B2, |n some parts of the world, wealthy farmers destroy rangelands to introduce grass plantations,
which are considered as the “way forward” for the modern production of milk and meat from ruminants BQLUIA2] Thys,
most common people look at the native vegetation as a useless resource, including plants commonly classified as
“weeds”, which are used by the poor and the backward. However, those ideas must be countered from the standpoint of
solid scientific knowledge. Rangelands are valuable in their own right for the large number of organisms they include as
well as their complex interactions, which we are only beginning to discover and understand. Some rangeland ecosystems,
such as the low deciduous forest (LDF) include plants that are important for carbon sequestration, building, ceremonial
activities, medicinal purposes, crafting materials, fuel and production of nectar and pollen for beekeeping L3I[14I15]
Furthermore, recent studies exploring the nutritional value of the plant species in the LDF also cast light on its potential
value for ruminant livestock. Thus, efforts to incorporate strategies aimed at maintaining long-term productivity and

convert native vegetation biomass into valuable food products for humans continues to be a focus of animal scientists ]
[12]

In this context, the LDF could represent a viable scenario for research purposes. The LDF vegetation in México
represents an important source of nutrients for most small ruminant flocks, and in some cases represents the only source
of feed I35l Over 200 LDF plant species have been reported to possess feeding potential for domestic ruminants L8,
However, coping with such a level of heterogeneity may not represent an easy task for sheep and goats, given that, on a
daily basis, they are confronted with the challenge of establishing a feeding strategy through the selection of various
plants containing different arrays of nutrients and plant secondary compounds (PSC) in different concentrations in large
and constantly changing permutations I8l Nevertheless, smallholders have taken advantage of the ability of smalll
ruminants to thrive in these ecosystems, harvesting (grazing/browsing) its biomass to obtain their nutrient requirements.
Sheep and goats have been in a coevolutionary “arms race” against plant defense mechanisms for millennia. Hence, they
need to develop adaptive mechanisms 2921 ot only aimed at coping with diverse levels and concentrations of
nutrients and PSC present in plants, but also at obtaining certain benefits after their consumption.

Indeed, a large body of research has focused on the capacity that some PSC have to alleviate or prevent animal
diseases. Considering that conventionally, the gastrointestinal nematodes (GIN) infections are considered as one of the
most significant constraints for small ruminants feeding on natural scenarios 22231241 efforts have been directed to
assess, under in vitro and in vivo approaches, the anthelmintic (AH) effect of some PSC against the different life stages of
GIN. The bulk of the research has been directed at identifying the AH activity of the condensed tannins (CT) [221(261(27][28]
(2919]31] ' while some PSC, like saponins, flavonoids, terpenoids, alkaloids and sesquiterpene lactones, have also been



studied more recently [B2IB3134] |n the meantime, the growing evidence on the relationships between herbivores, plants,
PSC and GIN served as the springboard for the introduction to the novel “nutraceutical” concept in the veterinary
sciences. According to Hoste et al. 331 a nutraceutical can be defined as a livestock feed which combines nutritional value
with beneficial effects on animal health. The latter situation bolsters the idea that native plants harvested by sheep and
goats could be considered as nutraceuticals, since they inherently contain different arrangements of nutrients and PSC.
To date, however, there are few approaches to identifying plants with nutraceutical properties despite the large biodiversity
of rangelands, which may be partly due to the lack of specific guidelines 2. Considering the latter, the identification of the
nutraceutical value of plant species would be a key factor to consider when developing feeding strategies and
management schemes that promotes the sustainable use and preservation of rangelands.

| 2. Unravelling the Heterogeneous Context of the Low Deciduous Forest

The LDF is the most widely distributed tropical vegetation of México, and even the largest of this type in Latin América 8.
It has been estimated that approximately 60% of the plant species of this ecosystem are exclusively from México 7,
hence, its ecologic and conservation value has been highlighted [B8l32l1401 The | DF covers approximately 8% of México’s
surface area (~157,000 km?2), being present in some portions of the states of Baja California, Campeche, Chiapas,
Colima, Estado de México, Guerrero, Michoacan, Morelos, Nayarit, Oaxaca, Puebla, Sonora, Tamaulipas, Veracruz and
Yucatan 4. In Yucatan, the LDF is the most widely distributed plant community and, along with the medium semi-
deciduous forest, typifies the physiognomy of the state’s landscape, covering an extension of ~20,000 km? 42 which are
distributed in the center, west and extend in a non-uniform strip from the northeastern portion of that state, reaching the
neighboring Campeche state. The LDF thrive in sub-humid, semi-arid and warm climates, with a median annual
temperature above 20 °C and an average annual rainfall between 700 and 1200 mm B840 and is characterized, initially,
for its arboreous component not exceeding 15 m in height, as well for the high percentage (>70%) of plant species with
deciduous leaf's falling during the dry season B8, Thus, the interannual rainfall is the primary determinant of foliage
productivity 21431,

2.1. Botanical and Nutritional Components of the Low Deciduous Forest

The LDF include plant species with nutritional features that are employed by small ruminant farmers (as grazing/browsing
paddocks or in cut and carry systems). The LDF serves as a source of foliage during the dry and the rainy season, with
plants of medium to high nutritional value, in various life forms and heights. Several species have been reported to contain
PSC which could provide an added health value, leading to an enhanced animal productivity 24, According to some
estimates, the number of plant species in the Yucatan peninsula reaches about 2200 24, |n a 10-year survey, it was
determined that Mayan communities use 196 plant species as forage (for cattle, sheep, goats, pigs and poultry), amongst
which 139 were herbaceous, 17 were shrubs, 35 were trees and 2 were palms 3, Similarly, the LDF vegetation in the
center-north region of Yucatan is comprised of 123 plant species belonging to 41 plant families [41. Despite this plethora
of botanic families, the Fabaceae is the best represented B8 The presence of other families, such as Convolvulaceae,
Malvaceae, Asteraceae, Polygonaceae, Rubiaceae, Boraginaceae, Verbenaceae, Euphorbiaceae, Acanthaceae,
Cactaceae, Burseraceae, Compositae, Malpighiaceae and Anacardiaceae, was also reported (36][42],

A common feature of the Fabaceae (also known as Leguminosae) family, is their high content of crude protein (CP) and
PSC B2 although plants from other families could also contain high macronutrient or PSC contents. For instance,
Gymnopodium floribundum and Neomillspaughia emarginata (Polygonaceae) present 37.6 and 37.5% CT, respectively,
and conversely, Viguiera dentata (Asteraceae) and Ipomoea crinicalyx (Convolvulaceae) present 29.6 and 23.7% CP,
respectively. Previous studies detailed the macronutrient and PSC characterization of plant fodder 431148l and pods 42
consumed by small ruminants in the LDF. On the other hand, vegetation from the LDF, normally present low energy
content, which is mainly provided by grass species. This situation is worsened because the latter have a marked seasonal
availability, with most dying during the dry season 8. Considering these particular features, we can state that LDF
represents a source of high dietary CP with a limiting energetic value. Hence, energy-rich dietary supplementation has
been proposed to optimize its use by sheep 49 and goats 59,

2.2. Plant Secondary Compounds in the Low Deciduous Forest

According to Estell et al. W, the literature is replete with studies on the role of PSC in herbivores for both domestic
livestock and wildlife on every continent. Although a thorough analysis of the PSC nature is beyond the scope of the
present review, we want to point out some key aspects that deserve to be addressed in order to build a more
comprehensive panorama of these compounds, the context in which they are present and the animal species that
eventually incorporate them into their diets.



Plants, as sessile organisms, have no chance of escaping attacks from other organisms, so they must employ other
strategies to defend themselves I, including a number of chemical components known as “natural compounds”,
“phytochemicals”, “plant secondary compounds” or “specialized metabolites”, the last two terms being the most accepted
within the veterinary and ecological sciences, respectively BUE The PSC are synthetized in the whole spectrum of the
plant kingdom and their presence and concentration in a given plant is influenced by genetics, phenology, and a variety of
biotic and abiotic factors [Zl. Estimates suggest there are up to 200,000 PSC produced by different plants in response to
particular challenges B2, However, some authors argue that this number is probably a gross underestimation given the
low number of plant species investigated to date and the low concentrations of some specialized PSC, which in turns

affects the effectiveness of their detection B4,

From an ecological perspective, PSC represent adaptations to specific situations that facilitate interactions with the biotic
and abiotic environment, including the essential role of chemical defenses against pathogens and herbivory LABLG253] |t
worth mentioning that the term herbivore comprises a wide range of species, including insects, birds, reptiles, non-
ruminant and ruminant mammalians. Indeed, plants and insects have coexisted for at least 350 million years 24, while the
current ruminant families entered in the chronology of ecosystems only 18—23 million years ago 23, which likely modifies
the dynamics and PSC production in landscapes by incorporating a different type of pressure than that of insects
(ruminant liveweights ranges from about 2 to more than 800 kg) B4, Therefore, the long-term coevolution between
herbivores and PSC necessarily entails the triggering of adaptive responses, which correspond mainly to behavioral and
physiological mechanisms that involve both pre-ingestive and post-ingestive processes. Those same mechanisms were
used to their full extent when domestic ruminants were introduced to the American continent or to islands such as
Australia in more recent years, forcing animals to implement different adaptation mechanisms that have only evolved
within the last 500 years [6l. We encourage readers to consult reviews in this subject in order to gain a complete
perspective of the mechanisms by which ruminants cope with PSC 1821561 ynder this context, we emphasize and
support the way of thinking of Mueller-Harvey et al. B1 and Villalba et al. B2 when they argued that PSC are components
with multiple and interrelated functions looking to improve resilience, provide plasticity and support the development and
interaction of plants with their environment.

2.3. The Unavoidable Occurrence of Gastrointestinal Nematodes in the Low Deciduous Forest

Regardless of place and climatic conditions, gastrointestinal nematodes (GIN) are a common component of grazing
vegetation systems used by sheep and goats worldwide. When domestic ruminants were introduced to the LDF, they also
brought their own internal and external parasites. Those parasites also had to become adapted to the new conditions to
which they were exposed, particularly the free-living phases that must survive outside the host €. The level of success in
the survival of parasites in different environmental conditions is the main cause of differences in the array of parasite
species present in each region of the world. Thus, although the presence of GIN is common for all the grazing ruminant
production systems, the species present in each region vary considerably B89 Under the hot sub-humid conditions of
the LDF in México, small ruminants are mainly infected with Haemonchus contortus in the abomasum, Trichostrongylus
colubriformis in the small intestine and Oesophagostomum columbianum in the large intestine, with the eventual presence
of Strongyloides spp., Trichuris spp. and Cooperia spp. 9. The mismanagement of grazing schemes may lead to a
vicious cycle of land over-exploitation, in which plants’ equilibrium is altered by ruminant herbivory and substantial
quantities of infective stages accumulate within the pastures. Ultimately, the accumulation of unsustainable GIN burdens
inside the host triggers a condition which is recognized as one of the main constraints for small ruminant production
throughout the world 611621,

There are some noteworthy key epidemiological processes related to the development and viability of GIN that take place
within the pastures. Initially, the ruminant host sheds GIN eggs via fecal excretion, and after that, eggs hatch in the feces,
releasing larvae, which undergo a moulting process from larvae 1 to larvae 2, to finally become a sheathed larva (on
pasture) able to re-infect hosts (larvae 3 or L3). This process is largely influenced by some environmental factors,
including temperature, humidity and solar radiation (364 Additionally, it is important to consider that both the nutritional
resources and the infective Lz are unevenly distributed in both space and time B2l88 Thus, complex decisions must be
taken by ruminants in order to obtain enough nutrients while avoiding higher intake of L €7,

It is assumed that L3 are associated with the grass species, but not with shrubs or higher stratum plant species.
Experiments conducted in grass monocultures showed that 80% of L3 were located in the first 5 cm above the ground €8],
although others found a homogeneous distribution of L in different pasture strata 89, A recent study performed in Brazil
reported no differences in Lz content between two grazing systems (grass vs. grass + legumes) using the pasture larval
count technique (PLCT). However, that study used a short legume that grew mixed within the grass 9. In heterogeneous
vegetation systems such as the LDF, the dynamics of L3 migration may represent a distinct pattern. Recent tracer studies
suggested that the consumption of high strata fodder (>50 cm) was negatively associated with GIN infection of tracer kids



4] Sheep and goat production in LDF is usually developed without proper plant management other than occasional
pruning. Therefore, tracer studies are preferred over the PLTC due to the complexity in the architecture of plants in the
LDF, where animals harvest leaves of different plant species at different heights of strata.

Concomitant with the relationship between herbivores and PSC, a co-evolution process of 10—20 million years between
herbivores and GIN occurred Z2. Thus, from an evolutionary perspective, both host and GIN shaped a long-term
relationship where a large proportion of animals within a flock can endure moderate loads of GIN without compromise to
their health or productive status. As a consequence, only a few animals have unsustainable GIN burdens which cannot be
tolerated. The latter has been referred as “aggregation” and represents a general law of parasite ecology, where the
majority of hosts are infected with few or no parasites, whereas a small proportion of hosts are infected with many
parasites (2741, For the southeast of México, Torres Acosta et al. 378 showed that 75-80% of animals in flocks had low
GIN burdens and are able to maintain their productive performance without apparent negative effects. Some of those
animals with low GIN infections are capable to limit their infections through their immune system and are known to be
“resistant” to infections A8, Meanwhile, amongst those animals with GIN infections there are several ones capable of
enduring the negative impact of their natural GIN infection, while keeping their ability to grow and reproduce, and these
are known as “resilient” IZ0IZ8 Considering these concepts, it is important to emphasize the notion that GIN infections in
small ruminants on production systems based on grazing/browsing natural vegetation are unavoidable, but also
biologically affordable.

2.4. The Unraveled Context of the Low Deciduous Forest

It is difficult to generalize any concept or paradigm in a context where different levels and concentrations of plants,
nutrients, PSC and GIN vary over space and time, and where the only constant is change. Nonetheless, evolutionary
trends shaped many interactions between the aforementioned components. The LDF dynamics show a multifactorial
mechanism in which plants contain nutrients and defense strategies allowing them to interact with their environment, and
these chemical strategies also enable plants to survive to its environments and control herbivory at some level. On the
other hand, LDF also bring benefits after their consumption, which allows herbivores to coexist with certain GIN
populations, and the latter are returned to the environment through fecal excretion. A long-term consequence of this
adaptive process could be the notion that LDF have up to 260 plant species with feeding potential for ruminants L€,
amongst which roughly 80 are been consumed by sheep and goats, as confirmed through observational studies [ZIB9[81],
This scenario would increase its complexity if the farmers practices in terms of using/managing their LDF
grazing/browsing areas is to be considered.

| 3. Implications

Small ruminant production in the low deciduous forest has been traditionally considered as a productive system with low
feeding value and income level. However, this system is still used by many livestock producers throughout tropical
America. The inherent heterogeneity of the low deciduous forest could be used, in a rational way, to improve the nutrition
and health of sheep and goats through the linkage of many scientific disciplines such as ecology, agronomy, ethology,
nutrition, parasitology and chemistry. Thus, the proper knowledge and use of plants from the low deciduous forest, and by
extention from other ecosystems, should help in the design of sustainable production systems with an improve use of
native resources, reducing the use of external xenobiotics and, as a result, reducing their environmental impact.
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