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Simple Summary

Sheep and goat farms include much more than their livestock. They also include people,
other domestic animals, wildlife, vegetation, microorganisms, and the physical farm envi-
ronment, all of which can interact with one another. This paper proposes considering small
ruminant farms as managed ecosystems, in which these living and non-living components
are connected through interactions and flows. The importance of individual components
and their relationships can vary according to the type of farm and its management. Humans
have a particularly important role because their decisions can modify the components of
the farm ecosystem and the interactions between them. Health-management practices,
including vaccination, parasite control, biosecurity, nutrition and milking management, can
therefore have effects extending beyond their intended targets to other parts of the farm
ecosystem. Considering these wider relationships can contribute to more integrated health
management and a better understanding of the consequences of management decisions on
sheep and goat farms.

Abstract

Livestock farms are a distinctive type of agricultural ecosystem wherein farmed animals
interact continuously with other living organisms and with the physical environment of
the farm under the influence of human management. The objectives of this paper are the
proposal of a framework in which small ruminant farms are considered as managed ecosys-
tems, the identification, definition and characterization of the principal biotic components
and abiotic environmental compartments, the examination of interactions occurring within
and between these components and the description of the role of health management in
modifying interactions within these systems. Within the proposed approach, the ecosystem
of small ruminant farms can be considered to be characterized by five principal elements:
components and compartments, interactions and flows and their directionality, inputs
and outputs crossing the physical or functional boundaries of the system, and human
management and feedback. Small ruminant farms can function as networks of ecosys-
tem interactions, in which complex interactions occur among and between their biotic
components and abiotic environmental compartments. In brief, the biotic components of
the farm ecosystem include the livestock (sheep, goats), other domestic or synanthropic
animals on farms, wildlife near farms, people working on farms or visiting, vegetation
and other primary producers, pathogens, arthropods and other biotic communities. The
abiotic environmental compartments include animal housing and associated areas and
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materials, farm systems, machinery and light equipment, feed and water, climate variables
and farm waste. Various interactions connect those components. Health management acts
upon ecosystem components and their interactions and is a principal means through which
humans deliberately modify the farm ecosystem; it is based on human decisions, which
influence multiple components of the ecosystem and direct the interactions within the
system. Health management can modify interactions throughout the farm ecosystem, with
effects that may extend beyond their immediately intended targets. The consideration of
these wider relationships can support better-informed and integrated health management
of sheep and goat farms and their animal populations.

Keywords: abiotic; biotic; ecosystem; environmental compartment; farm ecosystem; flow;
goat; health management; infection; interaction; pathogen; sheep

1. Introduction
1.1. Background

Ecosystems refer to biological communities of interacting organisms and their physical
environment, which creates and involves a complex network or interconnected system.
They are formed by organisms in interaction with their environment [1] and consist of all
the living organisms therein and the abiotic pools (or ‘physical environment’) with which
these organisms interact [2–4]. Ecosystems are characterized by four elements: (i) a biotic
component, (ii) an abiotic complex, (iii) the links and interactions within and between these,
and (iv) the physical space that they occupy.

Agricultural ecosystems have been defined as ‘the ecosystems in which humans have
exerted a deliberate selectivity on the composition of the biota, i.e., the crops and the
livestock maintained by the farmer, replacing to a greater or lesser degree the natural flora
and fauna of the site’ [5]. Significant characteristics of agricultural ecosystems are their
management by humans and their use for provision of various goods and services to the
human population. These, primarily, are related to and intended to cover food requirements.
Their structure and function are determined by biological and environmental processes
and also by the relevant human interventions and decisions.

Ecosystems are dynamic entities, as, periodically, they can be subjected to disturbances
and changes; thus, they are consistently in the process of adaptation and recovery from
these, in order to restore the equilibrium therein. Agricultural ecosystems are manipulated
and modified with greater intensity and more frequently than natural ecosystems, which
results in reduced biological diversity within the systems [6]. These modifications arise
from the various management practices applied in agriculture [7].

Animal farms are a distinctive type of agricultural ecosystem, in which livestock
interact continuously with other living organisms (e.g., people, other animals, pathogens)
and with the physical environment of the farm under the influence of human management.
Importantly, the management decisions applied on the farms can affect the interactions
between the components of a farm ecosystem.

1.2. Overview of Production Types and Management Systems in Small Ruminant Farms

Small ruminant farms vary substantially in their production types and management
systems, which can influence the components, interactions, and flows occurring within
their ecosystems.

The main production types of small ruminant farms refer to meat production, dairy
production, wool or fiber production, pelt production, and production of reproductive
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material (animals, semen, or embryos). It is noteworthy that on many occasions, although
there is a leading production type on a farm, production also involves additional types as
well. For example, there is some wool production in all types of farms, as, in most cases,
sheep may require shearing at annual intervals; further, there is meat production in dairy
farms, as a lactation period follows the birth of lambs or/and kids, which would grow and
need to be sold.

The main management systems have been eloquently described in a paper by the
European Food Safety Authority [8], in which six distinct management systems have
been described, specifically: shepherding, intensive system, semi-intensive system, semi-
extensive system, extensive system, very extensive system (Table S1 [8]). There are also
farms following mixed management systems, which depend on the annual cycle applied
on the farms, for example, a seasonal mix of semi-intensive management (during the
winter) and semi-extensive (during the summer) [8]. There are also subdivisions of these
management systems; for example, the shepherding management type includes three
sub-classes: nomadic, transhumant, and agropastoral systems [8,9].

1.3. Scope of the Review

The objectives of this paper are the proposal of a narrative conceptual framework
in which small ruminant farms are considered as managed ecosystems and the descrip-
tion of a basis for developing health management of small ruminant farms within this
framework. The paper presents the identification, definition, and characterization of the
principal biotic components and abiotic compartments, the examination of interactions
occurring within and between these components, and the description of the role of health
management in modifying interactions within these systems. In this model, small ruminant
farms are viewed as dynamically managed ecosystems composed of interconnected biotic
components and abiotic compartments, rather than simply as populations of animals main-
tained within a defined area. Accordingly, farms can function as networks of ecosystem
interactions, wherein various, often complex, interactions take place.

2. Methodological Approach
2.1. International Ecosystem-Related Literature on Small Ruminants

Initially, in order to assess the extent and the development of ecosystem-related
concepts and terminology in the international literature on small ruminants, a topic search
of the Web of Science database was performed using the terms [sheep OR ovine OR Ovis
aries OR goat* OR caprine OR Capra hircus] AND [ecosystem*] (the latter search term
encompassing published papers, in which ecosystem-related concepts and terminology
were used in various contexts, not necessarily indicating consideration of small ruminant
farms as ecosystems) identified 2650 articles and reviews published up to the end of 2025.

Overall, the use of ecosystem-relevant concepts and terminology in papers related to
small ruminants has progressively increased, particularly during the last decade. Of the
above published papers, 60.3% were published during the period 2016–2025. Moreover, the
proportion of papers with ecosystem-relevant concepts and terminology among all publica-
tions concerning sheep or goats [10] increased from 0.7% during the period 2001–2005 to
1.6% during 2011–2015 and 2.8% during 2021–2025 (Figure 1). These findings indicate the
increasing use of ecosystem-relevant concepts and terminology in small ruminant research.

The records retrieved through this search also provided a principal source for iden-
tifying ecosystem-related publications considered in the development of the conceptual
framework and the writing of this review.
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Figure 1. Scatter plot of the number of papers published annually related to sheep or goats with
ecosystem-relevant concepts and terminology (red dots) and the proportion (%) of such papers
published annually among all papers published related to sheep or goats (blue dots), from 1970 to
2025 (dashed lines are trendlines).

2.2. Development of the Conceptual Framework

The records retrieved through this search also provided a principal source for iden-
tifying ecosystem-related publications considered in the development of the conceptual
framework and cited in the review.

The framework was developed as a conceptual synthesis based on the authors’ clinical
and research experience and long-standing work in the field of small ruminant health
management, together with established principles of ecosystem theory. Accordingly, the
proposed framework is qualitative. This paper is intended to characterize the principal
components and compartments, interactions and flows, and their relationships, rather than
to quantify the magnitude of individual flows.

The proposed framework is intended to complement existing One Health, agroecosys-
tem, socio-ecological, and herd-health perspectives by considering the individual small
ruminant farm as its principal unit of analysis. The specific focus refers to the systematic
organization of biotic components and abiotic environmental compartments of the small
ruminant farm ecosystem, in accordance with their interactions and flows, directionality,
functional boundaries, and human management and feedback.

2.3. Literature Search and Selection

Literature supporting the conceptual framework and the examples presented in the
review was identified through complementary approaches. Ecosystem-related publications
relevant to small ruminant research were identified principally from the Web of Science
search described above. The Web of Science database was also used to identify published
papers relevant to conceptual domains considered, outside the remit of small ruminant
work, by using search terms selected according to the specific conceptual domains and
topics addressed in the respective sections of the paper, as outlined above, within a search
period from 25 March to 27 September 2026. Moreover, targeted searches were performed
in order to identify authoritative sources required to support specific aspects of the frame-
work, including documents and information published by international and European
organizations, regulatory authorities, and other official bodies. In addition, foundational
and seminal publications relevant to ecosystem theory and other concepts considered in
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the review were also included, irrespective of their retrieval through the bibliographic
searches. Finally, additional relevant publications already known to the authors through
their previous clinical and research work in small ruminant health and production were
considered, where directly relevant to the concepts or examples discussed.

Records identified through these approaches were assessed for relevance to the con-
ceptual domains considered in the review. Publications were retained when they provided
information concerning the identification or characterization of biotic components or abi-
otic environmental compartments of small ruminant farms, of the interactions or flows
among these, of farm boundaries and external drivers, or of ecosystem-level consequences
of health-management interventions. As the objective of the paper was the conceptual
synthesis rather than the estimation of pooled effects, study quality was not quantitatively
scored, and no meta-analysis was performed.

Accordingly, the literature informed and supported the development of the framework,
but the framework, as a product of the authors’ clinical and scientific experience and
conceptual analysis, was not derived through a formal systematic evidence-synthesis
procedure.

3. Small Ruminant Farms as Ecosystems
3.1. Conceptual Framework and Elements of the Ecosystems of Small Ruminant Farms

Within the proposed approach, the ecosystem of small ruminant farms can be con-
sidered to be characterized by five principal elements relevant to the concept. These are
as follows:

• Components and compartments.
• Interactions and flows.
• Directionality of the interactions and flows.
• Inputs and outputs crossing the physical or functional boundaries of the system.
• Human management and feedback.

3.1.1. Biotic Components and Abiotic Environmental Compartments

This approach includes the biotic components of the ecosystem (Table 1), which partic-
ipate functionally, to a greater or smaller degree, in the interactions that occur within the
farm ecosystem. Moreover, it includes the abiotic environmental compartments (Table 2),
which comprise the non-living physical components, resources, and conditions of the farm
environment that interact with the biotic components and participate in interactions within
the farm [11–13].

Table 1. Biotic components of the ecosystem in small ruminant farms and examples of their content.

Biotic Components Examples of Content

Livestock Sheep or/and goats

Humans

People working on farms: farmer and family, farm workers
People functionally associated with farms: veterinarians,
technical personnel
People temporarily interacting with farms: hunters,
occasional visitors

Other domestic or
synanthropic animals
on farms

Dogs, other farm animals (cattle, camels, pigs, rabbits),
poultry, equines, cats, rodents

Wildlife Wildlife ruminants, predatory mammals, wild rodents,
reptiles, birds flying over farms
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Table 1. Cont.

Biotic Components Examples of Content

Vegetation and primary
producers

Pasture vegetation, rangeland shrubs, forage crops, weeds,
toxic plants

Pathogens Prions, viruses, bacteria, fungi, protozoa, metazoan
endoparasites, ectoparasites

Arthropods Ticks, midges, mosquitoes, flies, dung beetles

Other biotic
communities

Livestock-associated microbiota: rumen, skin and udder
microbiomes, methanogenic Archaea
Feed-associated microbiota: lactic acid bacteria in silage
Soil biota: mycorrhizal fungi, free-living nematodes,
earthworms

Underlined text indicates subcategories of the same listed biotic component.

Table 2. Examples of abiotic environmental compartments for small ruminant farms.

Abiotic Environmental
Compartments Examples of Content

Soil (potentially contaminated with animal excreta)

Animal housing and
associated areas and
materials

Constructions and areas: barns and sheds, yards
Floors and bedding: concrete or earth floors,
bedding materials

Farm systems
fencing material, milking system, milk-replacer preparation
and administration system, housing stalls, feed or water
troughs

Machinery tractors, feed wagons, vehicles

Farm light equipment shears, animal-health-related equipment

Feedstuffs concentrated feeds, hay, silage

Sources for animal
watering water troughs, streams

Climate variables temperature, precipitation, wind

Farm waste manure, livestock carcasses
Underlined text indicates subcategories of the same listed abiotic environmental compartment.

3.1.2. Interactions/Flows and Directionality

Within this framework, there may be various interactions and flows. Interactions repre-
sent functional relationships between components or/and compartments of the ecosystem,
and derive from animal–human or animal–animal interactions or competition; examples
among these include grazing, predation, infections, and utilization of environmental re-
sources. The nature and intensity of these interactions can vary according to the production
type and management system applied, and, ultimately, all these can influence the health
of small ruminants [14,15]. Further, flows represent movements or transfers of entities or
materials into, within, or out of the ecosystem; such examples refer to animals, people,
pathogens, feeds, pharmaceutical products, or farm waste.

The directionality of interactions and flows within the farm ecosystem varies according
to the components involved and the nature of their interaction [16]. Some flows are
predominantly unidirectional, like the transfer of nutrients from feed to livestock, the
export of animal products from the farm, or the livestock predation by wildlife; for example,
feed administered to livestock provides nutrients for animal products (e.g., milk) and also
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contributes to the production of excreta, forming farm waste and manure, which then can be
applied to the farm grazing paddocks. Other interactions can be bidirectional, for example,
the transmission of pathogens between livestock and wildlife sharing grazing areas or
between livestock and humans (i.e., dissemination of zoonotic pathogens) or interactions
between livestock and vegetation, which provides nutrients to livestock through grazing,
whilst livestock can modify the composition and availability of vegetation through selective
grazing and trampling. Additionally, some flows can form cycles within the ecosystem [17];
for example, nutrients consumed by livestock through grazing are partly returned to the
soil through excreta and may subsequently be taken up by vegetation and thus become
available again to grazing animals.

In this respect, it is noted that health management can modify the direction, the mag-
nitude or the continuity of these interactions and flows. There are several means by which
this can be achieved, for example, control of animal movements, grazing management,
biosecurity measures or management of farm waste.

3.1.3. Inputs/Outputs

Inputs into the system would include (among others) purchased replacement animals,
feed, water, pathogens and veterinary products, as well as people visiting the farm. Outputs
from the system would include (among others) animal products, waste, pathogens, as well
as people from the farm visiting other farms. Some of these can be directed by the various
management decisions (e.g., the purchase of feed or replacement animals); others, however,
occur independently of such decisions, although in many cases they can be controlled
by relevant decisions (e.g., incursion of predator animals through setting up fences in
the physical borders of the farm or the introduction of pathogens through maintaining a
quarantine process in purchased animals).

3.1.4. Boundaries

The physical boundaries of the farm can be considered to coincide with the farm
premises. Nevertheless, its functional boundaries may extend beyond the premises; as
the biotic components move, they can establish connections and interactions with the
physical environment, as well as with biotic components of other farms [18]. Relevant
examples include livestock grazing outside the farm on grazing lands shared with livestock
from other farms and with wildlife, arthropod vectors moving in and out of the farm, and
humans moving between farms. This supports the idea that the functional boundaries
are determined spatially, and also by interactions of the components connecting the farm
ecosystem to the surrounding environment.

The distinction between physical and functional boundaries [19] becomes particularly
evident in farms managed under the semi-extensive or extensive management system, as
well as in transhumant systems. In these circumstances, livestock would leave the physical
premises of the farm and use grazing areas and water sources shared with livestock from
other farms and with wildlife. Thus, although the livestock remain part of the population
of a particular farm, they may temporarily participate in interactions occurring within
environmental compartments located outside the physical boundaries of that farm. The
relationship between physical and functional boundaries would vary in accordance with
the typology of the farm. For example, in an intensively managed farm, livestock would not
normally graze, thus physical and functional boundaries would, to a large degree, coincide;
in a non-transhumant extensively managed farm, the functional boundaries would differ
on a daily or weekly basis, in accordance with the locations selected for grazing by the
farmer on particular days or weeks, whilst remaining centered at the farm premises.
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In contrast, in a transhumant system, the farm may be seasonally established at
different locations [20,21], with corresponding shifts in its physical (and consequently
functional) boundaries, according to the seasonal locations of the flock or herd and its
associated camp. In transhumant systems, the seasonal livestock movements can connect
distinct environmental settings and abiotic environmental compartments, with the livestock
population providing continuity between them.

Moreover, where communal grazing areas are used by several flocks or herds, inter-
actions involving grazing resources and pathogens cannot be attributed exclusively to a
single farm ecosystem, and relevant management decisions made by one farmer may affect
animals of other farms. Transhumance, in particular, can ‘connect’ otherwise spatially
separated farm ecosystems through movements of livestock and interactions associated
with these. Hence, one can consider that the functional boundaries of a small ruminant
farm ecosystem are dynamic, permeable and seasonally variable, and may possibly overlap
with those of other farm ecosystems.

It is notable that, under such circumstances, health-management practices applied
in flocks or/and herds, for example, biosecurity measures or endoparasite control, may
require some coordination between farmers sharing the same grazing resources. Lack of
such coordination may lead to a ‘dilution’ of the potential beneficial effects of the health-
management interventions applied to flocks or/and herds involved.

3.1.5. Human Management and Feedback

Accordingly, any small ruminant farm can be characterized within this framework
by identifying its biotic components and abiotic compartments, the interactions and flows
connecting them and their directionality, the inputs and outputs crossing its functional
boundaries, and, finally, the human decisions and feedback processes that modify the
system. A schematic description of the feedback loop created through the implementation
of decisions related to health management applied on farms is in Figure 2.

 

Figure 2. Schematic general description of the feedback loop created through the implementation
of decisions related to health management applied on farms and the monitoring of their outcomes.
Human decision-making is influenced by external drivers (e.g., economic, regulatory, societal, labor-
related), as well as by information derived from ecosystem outcomes, which also provides feedback
for further management decisions (full arrows indicate interactions occurring within the ecosystem,
dashed arrow indicates external influences).

The farms are also characterized by the health management applied therein. Farm
management is the broad human-directed process taking place on farms; health manage-
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ment is an important subsystem of the overall farm management. This refers to a variety of
interventions and tools, for example, animal replacement policy, biosecurity measures, for-
mulation of rations, milking routine, anthelmintic treatments, vaccinations, all of which can
contribute to modifying the characteristics of the components and the interactions between
them. Outcomes (related to animal health and welfare and animal production) resulting
from the application of the various interventions can influence subsequent decisions on the
health management of farms.

A relevant specific example of the above refers to the administration of the anthelmintic
treatment considered to be appropriate in a case of parasitic infection; this would potentially
lead to control of the infection and, consequently, to an increase in animal production. Based
on observations regarding animal production outputs (e.g., milk yields or growth of young
animals), as well as on the information obtained from specific laboratory tests (e.g., the
parasitological examination of fecal samples), a new decision can be taken subsequently as
to whether further treatment might be required.

3.1.6. Integrated Application of the Framework

Overall, the elements described above can be applied systematically to the principal
interactions and flows occurring within small ruminant farm ecosystems. Table 3 presents
representative examples and also indicates how their characteristics may vary according to
production type, management system, and geographical setting of small ruminant farms.

As an illustrative example of the framework at farm-ecosystem level, a transhumant
sheep flock and an intensively managed dairy goat herd can be contrasted. In the former,
livestock would interact seasonally with changing vegetation, soil, water resources, wildlife
and livestock from other farms, with functional boundaries shifting geographically and
overlapping with those of other farm ecosystems through communal grazing. In the latter,
livestock, humans, pathogens and microbiota represent major biotic components interact-
ing with housing, milking parlor, concentrated feeds and sources for animal watering as
important abiotic environmental compartments; replacement livestock and feed would en-
ter into the system across clearly defined physical boundaries, whilst milk, kids and waste
would constitute major outputs from the system. Moreover, in the former, interactions
and health-management measures would depend to some extent on decisions involving
multiple farmers and shared environmental compartments; in contrast, in the latter, man-
agement would operate principally within stable and defined physical boundaries. In this
instance, the application of the same framework reveals differences in ecosystem structure,
interactions, boundaries and management constraints, which might not become readily
apparent from consideration of the livestock component on its own.

3.2. External Drivers

Factors outside the farm ecosystem (‘external drivers’) may influence decisions upon
which health management in small ruminant farms is based. They include financial
considerations (e.g., market prices and cash flow), legal and regulatory requirements
and policies, societal preferences and pressures, availability of human resources, and
climate change. Although these factors are not components or compartments of the farm
ecosystem, they can modify its structure and function indirectly through their effects on
management decisions.
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Table 3. Summary presentation of the elements of small ruminant farm ecosystems with relevant representative examples of interactions.

Principal
Interaction/Flow

Components/
Compartments

Involved 1
Directionality Inputs/Outputs Boundaries Human Management

and Feedback
Principal Moderating

Variables

Grazing Livestock ↔
vegetation, soil

Bidirectional/
cyclical

Nutrient input to
livestock, excreta

returned

May extend beyond
farm premises

Grazing allocation,
stocking-rate

decisions

Management system,
geography, season

Predation Wildlife → livestock Predominantly
unidirectional

Wildlife incursion,
livestock loss

Crosses physical
boundaries

Fencing, guardian
animals

Geography,
management system

Livestock–wildlife
pathogen
transmission

Livestock ↔ wildlife,
shared environment Uni- or bidirectional Pathogen introduc-

tion/dissemination

Frequently
crosses/overlaps

physical and
functional boundaries

Biosecurity, grazing
management

Geography, wildlife
populations,

management system

Livestock–human
contact Humans ↔ livestock Bidirectional

interaction
Human entry/exit,

products/information
Crosses physical and
functional boundaries

Handling, veterinary
interventions, hygiene

Production type,
labour, management

system

Manure/nutrient
cycling

Livestock → waste →
soil → vegetation →

livestock
Cyclical

Excreta/manure,
nutrients recycled or

exported

Internal or crosses
boundaries if manure
is removed or applied

elsewhere

Waste/manure
management

Housing/grazing
system, geography

Feed purchase and
use

External environment
→ feed → livestock

Predominantly
unidirectional input

Feed/nutrient input,
products/excreta

downstream

Crosses physical and
functional boundaries

Nutritional
management

Production type,
management system,

economics

Animal movements
External livestock

population → farm
livestock

Predominantly
unidirectional per

movement

Animals/pathogens/genetic
material

Explicit boundary
crossing

Replacement policy,
quaran-

tine/biosecurity

Production type,
management system,

geography

Communal graz-
ing/transhumance

Livestock from
multiple farms,

wildlife, vegetation,
soil, water

Multiple/bidirectional

Livestock and associated
biological/material 2

flows moving between
locations

Seasonally dynamic,
overlapping with

those of other systems

Multiple farmers,
coordination

potentially required

Extensive/transhumant
management,

geography, season

1 ↔ indicates bidirectional flow, → indicates unidirectional flow; 2 For example, nutrients or pathogens.
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Within this context, economic, policy, regulatory, and societal conditions can influence
stocking rates on farms, feeding and grazing strategies, animal replacement approaches,
investments in infrastructure, and implementation of health-management measures. For
example, within the European Union, interventions implemented through the Common
Agricultural Policy (CAP) under Regulation (EU) 2021/2115, which establishes the frame-
work for the CAP Strategic Plans of Member States, can influence the economic viability
and management of small ruminant farms and production systems; additionally, regulatory
requirements can directly influence management options, through provisions concerning
animal identification, movements and transportation, and disease surveillance and control
(Regulation (EU) 2016/429), the use of veterinary medicinal products (Regulation (EU)
2019/6) and the manufacture and use of medicated feed (Regulation (EU) 2019/4).

Additionally, specifications associated with protected-designation products may im-
pose additional constraints on farm management. This is particularly relevant in small
ruminant dairy production, as several major European cheeses, for example, ‘roquefort’
in France, ‘feta’ and ‘graviera Kritis’ in Greece, ‘pecorino romano’ in Italy and ‘queso
manchego’ in Spain, are registered as Protected Designations of Origin (PDO). Moreover,
in the United Kingdom, various meat products, for example, the ‘Orkney lamb’, ‘Shetland
lamb’ or ‘Welsh lamb’, have also received protected status, making such specifications
relevant to sheep-meat production as well. The respective product specifications include
requirements concerning the geographical origin of production, the origin or breed of the
animals, the type of milk used or other aspects of production. Such requirements can
influence decisions concerning animal breeds, feeding and production practices and can
thus act as external drivers of management decisions at farm level.

The economic situation, which includes and refers to prices of feed and other inputs
into the farm, prices of animal products, availability of capital and labor costs, can also
influence decisions regarding feeding, replacement of animals, stocking rates, investments
in housing and equipment and the implementation of preventive health measures. A
specific example refers to reduced cash flow occurring during the second half of gestation
(i.e., when no offspring are available for sale and females are not being milked), which may
contribute to the purchase of limited amounts of concentrate feeds; this, coupled with harsh
weather conditions during the winter, limiting grazing by pregnant females, can increase
the risk of development of pregnancy toxemia in sheep flocks; severe cases may result in
the death of affected ewes, thereby modifying the livestock component of the ecosystem.

Economic considerations can also influence the structure of the livestock component
and the flows of animals and products from the farm ecosystem. For example, in Mediter-
ranean dairy sheep systems, including those in Greece, lambs are commonly slaughtered
young, producing light carcasses, whilst milk constitutes the principal product of the pro-
duction system [22]. Thus, light lamb carcasses (approximately 9 to 12 kg) are produced
after a suckling period of up to two months [23,24]. This production pattern reflects the
economic importance of milk production together with a market demand for light lambs
and results in the early removal of young animals from the farm ecosystem. In contrast, in
production systems oriented towards heavier lamb carcasses, offspring remain within the
farm ecosystem for a longer period, thereby influencing the age structure of the livestock
component and the duration of their interactions with other ecosystem components.

More generally, economic considerations by farmers can influence health-management
decisions. Farmers weigh the expected costs of preventive or therapeutic interventions
against the anticipated benefits of such interventions, in terms of reduced disease losses
and improved animal production, thereby affecting the interventions applied within the
farm ecosystem.
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Availability and cost of labor represent further external constraints, particularly in
management systems requiring substantial animal supervision or handling (e.g., milking).
The trend for an increasing age of farmers can become a potential limiting factor for the
availability of agricultural workforce in the future; for example, in Europe, farmers younger
than 40 years manage only 12% of holdings [25]. Currently, the employment of foreign
workers contributes to addressing labor shortages and sustaining farming activities in
various countries [26–28].

In this way, external drivers may affect inputs into and outputs from the farm, the
number and composition of livestock, contacts between biotic components and the use of
abiotic environmental compartments. Their effects can consequently propagate through
several components and interactions of the farm ecosystem, although the external drivers
themselves do not constitute components or compartments of that ecosystem.

3.3. Abrupt Ecosystem-Scale Perturbations

Small ruminant farm ecosystems may occasionally be subjected to abrupt perturba-
tions, which can substantially modify their components, interactions, and flows. Occasion-
ally, these may potentially result in partial or complete disruption of the ecosystem. Such
perturbations can have different origins.

Major origins of perturbations include the incursion of an epizootic pathogen and
environmental events, for example, floods, wildfires, or earthquakes. In the former, the
initial perturbation originates from the introduction of a pathogen, which principally affects
the core component of the ecosystem, the livestock, and its interactions, whence its direct
effects and the subsequent human responses may propagate throughout the ecosystem.
In contrast, environmental-origin perturbations can act simultaneously on multiple biotic
components and abiotic compartments of the ecosystem, potentially producing immediate
system-level disruption and, in extreme cases, extensive destruction.

3.3.1. Incursions and Control of Epizootic Infections

The introduction of pathogens, which may take place in a variety of ways, for example
after predation attacks (e.g., rabies), after purchase of subclinically infected livestock
(e.g., peste des petits ruminants), after the visit of a vehicle that had previously been on
farms with infected animals (e.g., sheep pox) or by airborne transmission (e.g., foot-and-
mouth disease), represents an input crossing the boundaries of the ecosystem and may
result in infection of the livestock population, with subsequent effects on animal health.
Depending on the characteristics of the disease, pathogen dissemination may also involve
other biotic components of the ecosystem, including humans, other domestic animals on the
farm, or wildlife. Thus, an epizootic infection would possibly modify several interactions
and flows within the farm ecosystem concurrently.

The occurrence of such an incursion can also trigger substantial changes in ecosystem
management. Depending on the infection and the regulatory framework, control measures
would include restrictions on animal movements, isolation of infected or exposed animals,
or compulsory vaccination. For particular infections, the regulatory framework may
provide for compulsory culling or depopulation of affected farms [29].

Overall, these interventions modify the number and the composition of the livestock
component and also interrupt or redirect movements of animals, people and animal prod-
ucts across the functional boundaries of the farm. Animal culling and depopulation of
farms generate substantial flows of carcasses from the culled animals, which necessitate safe
disposal. Where complete depopulation has been implemented, removal of the livestock
population can be considered a partial dismantling of the affected farm ecosystem through
the removal of its core biotic component.

https://doi.org/10.3390/ani16193067

https://doi.org/10.3390/ani16193067


Animals 2026, 16, 3067 13 of 38

The recent successive occurrence of three major epizootic infections in Greece provides
a characteristic example. Initially, incursion by Peste-des-petits-ruminants virus (July 2024)
was confirmed in the central part of the country and subsequently spread to several farms
in other regions. This was followed by a still ongoing epidemic of Sheep pox virus infection
that disseminated throughout the continental part of the country and some islands as
well. Finally, an outbreak of Foot-and-mouth disease virus infection was confirmed on the
island of Lesvos (March 2026) [30]. These successive incursions resulted in disease-control
interventions affecting livestock populations, animal movements and farm activities across
substantial parts of the small ruminant sector in the country.

Following successful control or eradication of an incursion, the ecosystem would
undergo a period of recovery and reorganization. Animal movements, production activities
and interactions with environmental compartments are progressively re-established. Where
complete depopulation has taken place, subsequent restocking introduces a new livestock
population and can therefore be viewed as reconstruction of the farm ecosystem.

In cases of epizootic infections concurrently affecting large numbers of farm ecosys-
tems, their consequences may also propagate beyond individual farms and persist over
time. A recent example is provided by the prolonged epizootic situation in Greece: reduc-
tions in the small ruminant population as a consequence of depopulation have contributed
to reduced availability of sheep milk and consequent pressure on feta cheese production.
In September 2026, a representative of the Greek dairy sector quoted in a press report indi-
cated that the national feta stocks might not suffice until the end of the year and estimated
that retail prices of the product could increase by 15% to 25% [31]. Thus, perturbations
originating within multiple farm ecosystems can propagate through downstream produc-
tion and market systems, generating consequences beyond the farms in which the initial
perturbations occurred.

This example illustrates the dynamic nature of the proposed framework: an external
biological input (epizootic pathogen) leads to a progressively propagating, ecosystem-wide
perturbation. The case involves the modification of multiple components, interactions,
flows, and boundaries before potential reorganization.

3.3.2. Environmental Perturbations

Abrupt perturbations of the farm ecosystem may also result from environmental
events [32]. Floods, wildfires, earthquakes, severe storms and other extreme events can
simultaneously affect several biotic components and abiotic environmental compartments.
Their immediate effects may include mortality or displacement of livestock and other
animals (e.g., wildlife moving out of their natural habitats and re-establishing nearer a
farm), destruction of vegetation, contamination or loss of feed and water resources and
damage to farm infrastructure, systems and equipment. Such events also interrupt flows of
animals, people, feed and animal products into and out of a farm and may temporarily or
permanently modify its physical boundaries.

The magnitude of these effects can range from temporary disturbance of particular
components or interactions to extensive disruption of the farm ecosystem, potentially
extending to complete dismantling and destruction. In such cases, recovery requires
restoration of infrastructure, replacement of equipment and feed resources and, if substan-
tial livestock losses have taken place, introduction of replacement animals. In extreme
circumstances, where the livestock population and substantial parts of the physical farm
environment have been lost or destroyed, subsequent recovery can be viewed as a recon-
struction of the managed farm ecosystem.
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4. Biotic Components of the Ecosystem of Small Ruminant Farms
4.1. Livestock: Sheep or/and Goats

In an ecosystem approach to small ruminant farms, sheep or/and goats constitute the
core biological component, around which the farm ecosystem is organized. The livestock
population on a farm is a dynamic component of the farm ecosystem. Its composition can
vary over time, whilst the animals consume resources and generate products and waste.
Livestock influence and interact with the other components of the farm ecosystem.

The specific characteristics of these animals should be considered, as several aspects
of health management depend on their particularities. For example, differences among
breeds of sheep or/and goats in resistance to diseases have been documented [33]; further,
animals of different ages have varying nutritional needs and requirements for space within
farm buildings.

The production stage of the animals is important for their interaction with other com-
ponents of the ecosystem and for the application of the appropriate health management.
The needs and requirements of sheep or/and goats differ considerably among the mat-
ing season, the late pregnancy stage, the suckling phase, and the milking period [34,35].
During each of these stages, animals have varying nutritional requirements, contrasting
physiological and immunological status and different needs regarding housing, feeding
and veterinary interventions. Consequently, modifications in the annual production cycle
on a farm can result in changes within the ecosystem and the pressure that livestock places
on other components of the ecosystem [36,37].

Movements of sheep or/and goats constitute a significant part of interactions within
the farm ecosystem and can alter the equilibrium therein. Animal inputs refer mainly to
animal purchases for the needs of the farm (e.g., replacement animals); occasional transfer
of animals from another farm may also occur, for example, the transfer of rams or/and
bucks during the mating season, although such movements pose significant threats for
pathogen dissemination into the ecosystem and must be discouraged. Animal outputs
include animals sent to abattoirs, animal sales to other farms, and animal deaths. In all
cases, these influence the farm ecosystem, because they modify livestock numbers and
concentrations, as well as the requirements for resources for the livestock. These changes
also potentially necessitate changes in the health-management programs applied on farms,
for example, the implementation of biosecurity measures or the modification of nutritional
management to cover the new entrants into the farm [38,39].

4.2. Other Domestic or Synanthropic Animals on Farms

Beyond sheep and goats, various animal species (domestic or synanthropic) can be
present within the ecosystem of small ruminant farms. For some, their presence is inten-
tional, as they are used to perform specific functions within the farm or are maintained for
production purposes; for others, their presence is incidental (synanthropic species). These
animals can interact to varying degrees with livestock, people, and the farm environment
and constitute additional biotic components of the ecosystem. These animals hold diverse
functional roles within small ruminant farms. Most of them are included in the ecosystem to
provide services or additional agricultural products, whereas others among these animals
may intrude and compete for resources or can cause damage. All these animals establish
additional links among the components and compartments of the ecosystem and contribute
to its complexity and connectivity.

Since antiquity, dogs have served as guardians and herders in livestock farms [40].
Farmers maintain dogs for their contribution to protection against wildlife predators that
may attack sheep and goats (‘guardian dogs’); dogs can also assist in the management
and movement of livestock (‘herding dogs’) [41–43]. Guardian dogs interact with animals
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or people entering the farm ecosystem, particularly with those perceived as potential
threats, whilst herding dogs interact strongly with livestock within the ecosystem. Dogs
also interact closely with people on the farm, and a complex ethno-ethological relationship
between the farmers and the dogs has also been described [44]. These animals occupy a
particular position within the farm ecosystem, forming links between livestock, people and
the surrounding environment.

A variety of other farm animals (cattle, pigs, rabbits, poultry) can be present on
small ruminant farms [45,46]. These may include animals present for commercial farming
reasons, as is the case in large commercial multi-species operations, or animals available to
provide food for the farmer and the family (e.g., fattening calves or pigs). Their presence
increases biological diversity on farms and generates additional requirements for feed,
water, housing, and labor; also, it increases the potential for inter-species transfer and
dissemination of pathogens. All these contribute to expanding the diversity of animal
interactions within the farm ecosystem.

Horses and other equids may also be present on small ruminant farms. These can be
used in free-riding activities, as well as for work purposes (e.g., transportation or other
activities associated with management of farms). Their role within the farm ecosystem
therefore would differ, in accordance with the purpose of their maintenance and the degree
of interaction with livestock and people.

Cats are also frequently present on small ruminant farms. Traditionally, an important
role has been the control of rodent populations within and around the farm grounds, within
farm buildings and feed-storage areas. Nevertheless, cats may also command considerably
large areas outside the farm boundaries, establishing an interface between the farm and its
surrounding area and environment [47]. Anecdotal reports have also indicated the possible
development of social bonds between cats and sheep on the farm.

Cats and dogs contribute to the dissemination of the abortifacient protozoa Toxoplasma
gondii and Neospora caninum, respectively, to sheep or/and goats [48–51]. This pattern
of dissemination is stronger in intensively or semi-intensively managed farms, wherein
provision of concentrated feed or hay (potentially contaminated with the above pathogens
through the feces of the carnivores) is an integral component of the management system.
The pathogenetic effect of these two protozoa varies according to the stage of pregnancy
at which infections have occurred [48–51]. This suggests that interactions between biotic
components of the farm ecosystem are affected simultaneously by the management system
and the production stage of livestock.

Synanthropic rodent species constitute another biotic component of farms, although
they are unwanted on farms. Principal species include brown rats (Rattus norvegicus), field
mice (Apodemus sylvaticus), house mice (Mus musculus domesticus) and roof rats (Rattus
rattus) [52]. Rodents consume feed available for livestock and can also contaminate large
quantities of feed with urine and fecal excreta; they also cause damage to components
of farm infrastructure and equipment (e.g., wooden structure, plastic insulation material,
electrical wiring) [52]. Finally, rodents can also be responsible for the introduction and
dissemination of pathogenic microorganisms (e.g., Leptospira spp.) into the farm ecosystem;
several of these pathogens are of zoonotic importance, which indicates an interaction of a
synanthropic species with humans in the ecosystem [53].

4.3. Wildlife

Wildlife animals are not directly managed components of small ruminant farms; they
live and originate from outside the premises of farms. They are nevertheless connected with
farms and contribute to the wider farm ecosystem. Their connections arise mainly, because
sheep and goats often share grazing areas and other natural resources with wildlife, and
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also because predatory wildlife can make incursions into farms. Wildlife populations are
highly mobile and move independently of regional or national boundaries and can provide
a dynamic and perennial interface between small ruminant farms and the surrounding
natural environment. Interactions between livestock and wildlife occur mostly after the
incursion of the latter species into the farm. However, interactions can also occur with
no direct contact, through shared use of the same grazing grounds, as well as by animals
living on the farm preying outside the physical premises of the farm.

Shared use of grazing areas by sheep or/and goats and wildlife ruminants is a com-
mon example of this interface. Across different geographical regions, relevant wildlife
species include Asian ibex (Capra sibirica) in Asia, bighorn sheep (Ovis canadensis) and
elk (Cervus canadensis) in North America, chamois (Rupicapra rupicapra and R. pyrenaica),
European mouflon (Ovis aries musimon), red deer (Cervus elaphus), European and Siberian
roe deer (Capreolus capreolus and C. pygargus) in Europe or/and Asia) and white-tailed
deer (Odocoileus virginianus) in the Americas. This shared grazing can result in competition
for common resources, particularly vegetation on grazing land and water. The shared
use of these areas provides opportunities for pathogen exchange between livestock and
wildlife animals, for example, gastrointestinal trichostrongylids [54–57] or abortifacient
bacteria [58–60]. The shared grazing areas represent an important spatial interface linking
the farm ecosystem with wildlife populations and the wider natural ecosystem around
the farms.

Another important interaction between wildlife and small ruminant farms refers to
predation. The principal species of wildlife predators for sheep or/and goats vary between
geographical regions (Table S2 [61–69]). The predation of livestock has generated significant
human–wildlife conflicts. Livestock losses inflicted on farms have led farmers to hunt
wildlife populations in their attempt to minimize predation risk [61,66,70,71]. This high-
lights that potential interactions between livestock and wildlife can extend to interactions
between wildlife and people (i.e., two non-core components of the farm ecosystem), with
potential consequences for wildlife populations and conservation. Further, it indicates
that interactions between ecosystem components may extend beyond the boundaries of
the farm.

The effects of predators on livestock are not limited to direct attacks. The conceptual
framework of ‘landscapes of fear’ defines potential predation risk as perceived by prey.
This is a behavioral characteristic and may be defined at individual animal or animal
population-level; it depends upon the sensory modalities of the prey [72]. The principal
factor influencing animals in the development of ‘landscapes of fear’ is the predation
risk [73,74].

Predation can be controlled or prevented through the use of livestock guardian
dogs [75–77]. Their presence creates an additional interaction between wildlife, livestock,
dogs and farmers within the farm ecosystem. Interactions between guardian dogs and
wild carnivores may have consequences beyond predator deterrence. An association was
reported between the presence of wild canid predators near sheep farms and the detection
of Uncinaria/Ancylostoma spp. and Toxocara canis in fecal samples from farm dogs [43].
These observations indicate further interactions between two non-core biotic components
of the small ruminant farm ecosystem, i.e., farm dogs and wildlife mammals.

An important source of infection of farm cats with T. gondii is considered to be wild
rodents infected with the organism, as studies showed that, in mice, T. gondii infection
can be passed vertically from generation to generation [78]. Infected cats would then shed
oocysts and contaminate the farm environment, leading to subsequent infection of livestock.
This indicates an interaction between two non-core components of the farm ecosystem,
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which subsequently establishes an indirect link between wildlife outside the farm and
farm livestock.

Reptiles include further wildlife animals interacting in small ruminant farms. Some
species can act as predators for lambs or/and kids, whilst others can also contribute to the
dissemination of pathogens to livestock [79,80]. Nevertheless, reptiles need not necessarily
lead to adverse consequences for livestock farming. A recent study performed in Australia
revealed a potentially beneficial ecosystem function related to heath goannas (Varanus
rosenbergi): through scavenging of livestock carcasses, these lizards may contribute to
carcass removal and potentially contribute to reducing populations of blowflies infesting
sheep [81].

Wild birds can also use farm buildings, feed stores, troughs, manure, and pasture. In
this context, wild birds cross the physical farm boundaries and interfere with its ecosystem.

It is noteworthy that the interactions of wildlife within the farm ecosystem depend on
the management system applied to farms. Predation occurs more often in farms managed
under the extensive or semi-extensive system, likely because livestock are less protected
and consequently more exposed to interactions with wildlife. Farms managed under these
two systems may include a higher number of dogs, in order to improve livestock protection,
which again shows that farm management system plays a role in the interactions occurring
within the farm ecosystem.

4.4. Humans

Humans differ from other biotic components of the farm ecosystem, because they have
a dual position therein: first, they manage the farm, and they can modify the ecosystem to
a smaller or greater degree; and, second, they constitute themselves a biotic component
of the ecosystem, interacting with livestock, other animals, pathogens and the abiotic
compartments.

There is a differentiation in the degree of interaction of humans with the ecosystem,
which must be distinguished. First, farmers, family, and farm workers, who have continu-
ous contact and interaction with the ecosystem; second, veterinarians, technical personnel,
people in supporting roles (e.g., drivers of lorries that transport products from the farm)
and other farmers, who have intermittent contact with the ecosystem, and also an intensive
contact with multiple farms and animals; third, occasional visitors and hunters, who have
a transient interaction with other farms and animals.

Certainly, the most significant manipulations in the ecosystem are performed by
farmers. Farmers have the general responsibility for their farms and livestock and take
decisions aiming to maximize production from animals on the farm, at the same time
maintaining animal health and welfare [82].

Health management provides useful tools to farmers, in order to support decision-
making. Further, farmers can involve other people in the decision-making process: they
may consult veterinarians and other technical personnel, they can consider practices fol-
lowed by other farmers in similar circumstances, and they can discuss their plans with
members of their families. In this way, people other than farmers also take part in the
decisions that lead to modification of the farm ecosystem.

Nevertheless, management decisions are not always correct and are influenced by
individual characteristics of farmers. Corner-Thomas et al. [83] reported that, in New
Zealand, farmers older than 60 years of age were using fewer health-management tools
on their farms, including even anti-clostridial vaccination [83] (which is considered to
be the core vaccination in small ruminant farms [84]) or ultrasonographic confirmation
of pregnancy, which are tools considered to be essential in the health management of
sheep or/and goat farms [35]. Such attitudes may have adverse consequences for the
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farm, particularly in the case of diseases and disorders requiring complex management
for successful control and elimination, for example mastitis [85] or lameness [86]. The
consequences of farmer-related characteristics would be subsequently mirrored in the
productivity of farms and in product quality. In general, farm productivity has been found
to decrease with farmers older than 45 years [87]. Farmer education can also play a role,
as it guides relevant decisions and, consequently, farm productivity. In this respect, better
education of farmers was reported to be associated with correct and prudent use and
administration of antibiotics in sheep and goat farms [88], which in turn can contribute to
successful treatment of infections and avoidance of development of antibiotic resistance.

People are also active components of the farm ecosystem. They can interact with
animals and with the physical environment of the farm, and they are carriers of pathogens
themselves; they can transfer pathogens into the ecosystem from outside sources or other
similar ecosystems. Their involvement and association within the farm ecosystem, as
described above, may affect pathogen introduction into the ecosystem. This involvement
can also affect the exposure of people to the farm environment and consequently to potential
zoonotic agents.

4.5. Vegetation

Vegetation on pastures grazed by livestock contributes substantially to the coverage
of nutritional requirements of the animals. Nevertheless, sheep or/and goats may show
preferences for particular plants or plant parts during grazing, which suggests that animals
may actively select among available plant species and parts. This can be viewed as a
livestock–vegetation interaction, which may influence animal nutrition [89–91]. Neverthe-
less, the importance of vegetation in small ruminant ecosystems is highly dependent on
the management system applied on the farms; it is virtually non-existent or minimal in
intensive or semi-intensive systems, progressively increasing in farms managed under the
semi-extensive or extensive management systems.

Consumption of certain plants (e.g., Veratrum californicum) by pregnant ewes can
result in embryotoxic effects, leading to congenital or developmental abnormalities in
lambs [92]. Moreover, plants grazed by small ruminants may contain bioactive compounds
with a potential direct effect on other components of the ecosystem; a notable example
refers to the presence of tannins found in various shrubs (e.g., Myrtus communis (myrtle),
Quercus ilex (holm oak), Pistacia lentiscus (lentisk)) or trees (e.g., Schinopsis lorentzii (red
quebracho)), which have been found with anthelmintic effects against gastrointestinal
trichostrongylids [93,94].

4.6. Pathogens and Arthropods

In small ruminant farm ecosystems, a variety of pathogens can affect livestock. These
include prions, viruses, bacteria, fungi, protozoa, metazoan endoparasites and ectopar-
asites [95]. A non-exhaustive list of pathogens that affect sheep and goats is in Table S3.
Infections or infestations of small ruminants by these pathogens can lead to various health
problems and, consequently, to reduced production by affected animals. Pathogens consti-
tute highly dynamic biotic components of small ruminant farm ecosystems. Their presence
and abundance depend upon interactions with susceptible or carrier hosts, other animal
species and environmental conditions, whilst these interactions are further influenced by
the management practices applied on the farm. Consequently, pathogens and vectors can
form links among multiple biotic components and abiotic compartments of the ecosys-
tem, with potential consequences for animal health and farm productivity, as well as for
public health.
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Most of these pathogens have sheep or goats as principal hosts. Small ruminants can
have active infections caused by these pathogens, or they may be carriers (e.g., Staphylococ-
cus epidermidis, Chlamydia abortus). A general definition of an asymptomatic carrier refers
to an infected animal that harbors an infectious agent without clinical signs of the associ-
ated infection and is capable of transmitting the microorganism to susceptible hosts [96].
Carrier animals can contribute to the transmission of pathogens during interactions with
other components (e.g., susceptible animals) of the farm ecosystem. Of particular concern
among pathogens are the zoonotic pathogens, which are defined as ‘pathogens that can
be transferred from non-human animals to humans’ [97,98]. In contrast, a reservoir is a
host population, or an epidemiologically connected set of host populations, in which an
infectious agent can be maintained and from which it can be transmitted to a susceptible
target population [99].

Some pathogens can be transferred to sheep or/and goats from other animal species
that constitute their principal hosts. Examples of such organisms include Brucella abortus
(from cattle) [100], Erysipelothrix rhusiopathiae (from pigs) [101], and Streptococcus equi subsp.
zooepidemicus (from horses) [102]. These pathogen transfers highlight the importance of
other animal species as interconnected components of the farm ecosystem.

Some arthropods that are pathogens of small ruminants themselves can also act
as pathogen vectors. Vectors can be biological, which may carry pathogens that can
multiply within their bodies and be delivered to new hosts (e.g., mosquitoes or ticks), or
mechanical, which are organisms that play a purely mechanical role in transmission of
pathogens (e.g., Musca flies transporting bacteria) [103,104]. These occupy two positions
simultaneously within the ecosystem, i.e., pathogens and vectors. Notable arthropod
vectors include ticks (vectors for, e.g., Anaplasma phagocytophilum, Babesia ovis, Crimean-
Congo hemorrhagic fever virus) [105,106], biting midges of the genus Culicoides (vectors
for, e.g., Bluetongue virus, Orthobunyavirus schmallenbergense) [107], mosquitoes (vectors
for, e.g., Rift Valley fever phlebovirus) [108] and possibly ear mites (vectors for Mycoplasma
agalactiae) [109]. Further, flies can act as mechanical vectors of various pathogens (vectors
for, e.g., Escherichia coli, Salmonella spp.) [110].

Dung beetles (class Coleoptera, family Scarabaeidae) utilize livestock feces and con-
tribute to dung decomposition and incorporation into the soil. Dung beetles can be seen as
participating in nutrient cycling within grazing ecosystems [111]. That activity indicates
their connection with soil, vegetation and farm waste. Dung beetle populations can be
affected by residues of anthelmintic products administered to sheep or/and goats, which
are excreted in the feces of treated livestock [112,113].

4.7. Other Biotic Communities

Microbial communities associated with livestock constitute an important component
of the farm ecosystem. These communities occur at several anatomical sites of animals,
for example, in the gastrointestinal tract [114,115], on the skin [116–118], as well as in
the teat [119] and the mammary gland [120,121], and can influence nutrition, metabolism
and health of colonized animals. The rumen microbiome is particularly important in
ruminants, as its microorganisms participate in the degradation and fermentation of feeds,
through which pathway dietary substrates are converted into compounds utilizable by
the animal [122–124]. Methanogenic Archaea also contribute to flows of carbon from
feeds through to production of methane [125]. Other microbial communities, for example
those on the skin or in the mammary gland, interact with host tissues or with invading
pathogens, and may be associated with maintenance of health or with changes occurring
during disease. These communities therefore represent biotic components located within
or directly associated with the livestock ecosystem.
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Other microbial communities are associated with feed and stored feedstuffs and
occupy a different functional position within the ecosystem. A characteristic example is the
community of lactic acid bacteria involved in fermentation during silage production [126],
through which microbial activity modifies the characteristics and preservation of feed to be
subsequently consumed by livestock.

Distinct biotic communities also occur within environmental compartments of the
farm. Soil contains a diversity of microorganisms, as well as various other organisms, for
example mycorrhizal fungi, free-living nematodes and earthworms, which participate in
decomposition, nutrient cycling and interactions with vegetation [127,128]. Their activity
connects several parts of the farm ecosystem, particularly where nutrients contained in
livestock excreta and manure are returned to soil and subsequently become available to
vegetation. Consequently, these organisms constitute biotic communities with their own
interactions and responses to environmental and management conditions.

All these communities, livestock-associated, soil-associated or feed-associated, can be
modified, directly or indirectly, by human management. Some examples include the dietary
changes altering rumen microbial communities and the potential development of relevant
health problems (e.g., clostridial infections [129,130] or ruminal acidosis [131,132]) or the
effects of antimicrobial or anthelmintic treatments on non-target organisms or communi-
ties associated with livestock [133,134]. The unintended effects of various management
interventions on these communities are examples of propagation of actions towards one
component or objective to non-target biotic components of the system and of the ensuing
modifications in interactions and flows elsewhere therein.

5. Abiotic Environmental Compartments of the Ecosystem of Small
Ruminant Farms
5.1. Overview

The abiotic environmental compartments of the farm ecosystem comprise the non-
living resources, physical structures and environmental conditions that interact with and
can influence the livestock and other biotic components of that ecosystem. Resources
are distinguished as the various substances or objects in the environment, which are
required by one organism and consumed or otherwise made unavailable for use by other
organisms [1,135].

In small ruminant farms, the abiotic compartments of the farm ecosystem can differ
greatly in accordance with the management system applied on the farms. For example,
farms managed under intensive or semi-intensive systems are, on average, located at
lower altitudes than farms managed under semi-extensive or extensive or very extensive
systems [136]; there are differences in soil and vegetation, in accordance with the altitude
of the location, which may be reflected in the area surrounding farm premises. Altitude
differences were also found to be associated with varying climate variables [137,138], and
this has also been reported with variables prevailing at the locations of farms [139]. Farms
managed under the extensive or very extensive system can be low-input farms. Low-input
farms intend to optimize the management and use of on-farm resources, at the same time
reducing the use of production inputs from off-farm resources (e.g., fossil fuels, animal
health products) [140,141]. Various aspects of the abiotic compartments of farm ecosystems
vary across farms; for example, often there are no constructions (e.g., animal buildings) or
systems (e.g., milking parlors) on such farms.

A common role of the various environmental compartments (Table 2) is the facilitation
of the indirect transmission of pathogens between animals. Environmental compartments
may also support a potential for extending the survival of pathogens by providing favorable
conditions for their growth and multiplication [142,143]. The environmental compartments
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play a key role in the persistence, survival, development, and dissemination of pathogens
within the farm ecosystem. Some relevant examples include the presence of trichostrongylid
larvae in the soil [144], the presence of bacteria or bacteria spores on the bedding [145,146],
of staphylococci on the teatcups of the milking system [147], of gastrointestinal proto-
zoa (e.g., Cryptosporidium spp.) in water troughs [148], of Sarcoptes scabiei mites on feed
troughs [149] and of Corynebacterium pseudotuberculosis on shears [150,151]. Hence, these
compartments are not just passive surroundings, but they mediate interactions among
biological components of the ecosystem.

5.2. Soil and Bedding

The characteristics and condition of soil on the farm grounds and the grazing paddocks
can contribute to disorders of the hooves of sheep or/and goats [86,152]. The time that
livestock spend grazing, coupled with increased precipitation at the location of the farm
(which renders soil wet and contributes to devitalization of interdigital skin, occurring
under prolonged exposure of feet to wet conditions [153–155]) can increase the risk of hoof
disorders and consequently lameness [152,156,157].

The contamination of the soil of communal grazing paddocks with livestock excreta
from other farms can be a means for the introduction of pathogens or strains of pathogens
into the ecosystem, as sheep or/and goats take up these microorganisms during grazing.

Bedding within animal houses fulfills several roles in the farm ecosystem. First, it
creates the physical environment in which housed animals rest; it provides thermal comfort
and cleanliness and is associated with the welfare of the animals, but it also deteriorates
progressively due to the accumulation of organic material [158,159]. Bedding can also
be considered an interface between livestock and the waste component of the ecosystem;
when used bedding is removed or applied to outside land.

5.3. Farm Buildings and Systems

Animal buildings and sheds are important for the housing of livestock and the pro-
vision of feed therein. However, it was reported that buildings with poor ventilation
predisposed animals to increased incidence of respiratory infections, which could be fur-
ther aggravated when weather conditions favored increased relative humidity within the
animal barns [160,161].

The milking parlor is the most important farm system in dairy small ruminant
farms [162], with various types of milking parlors and systems available for use in sheep
or/and goat farms. Recent evidence has also indicated that the milking procedure is par-
ticularly stressful, with adverse effects on the welfare of livestock [163]. Machine milking
leads to a reduction in the incidence of mastitis and improved quality of bulk-tank milk
produced in dairy small ruminant farms [162,164], but, nevertheless, poorly maintained
equipment or incorrect milking settings can adversely affect teat condition, can predispose
to mastitis, and may lead to inferior milk quality [162,165].

The use of fences, which is another important farm system, contributes to increased
biosecurity measures on the farm. In general, fences are used more often in farms managed
under the intensive or semi-intensive system and less frequently in farms managed under
extensive systems, in which animals spend substantial time grazing. Use of fences around
the farm premises contributes to the reduction of incursions into the farm premises, which
contributes to the reduction of, first, pathogen dissemination into the farm ecosystem and,
second, livestock predation [65,166]. Fences can, nevertheless, facilitate livestock accidents
due to entanglements (e.g., injuries, fractures) [167]. Recent evidence has indicated that
fences may potentially have some adverse ecological effects, among them landscape frag-
mentation and plant diversity reduction as a consequence of uneven grazing [65,168,169].
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Farm infrastructure (buildings and systems) is developed purposely by people and
represents an important investment for farmers; its extent depends on the production type
(e.g., no milking parlor is necessary in meat production type farms) and management
system of the farm. The continued function of infrastructure depends on economic inputs
and maintenance. This need for financial input for the construction and maintenance
of infrastructure and systems is a distinct difference from other abiotic compartments of
the ecosystem.

5.4. Feed and Water
5.4.1. Feed

Nutrition influences animal growth and development, reproductive performance
and the quantity and quality of products from small ruminants; it is involved in various
physiological and health-related processes, for example immune function and development
of metabolic disorders [170–173]. The type, composition and quantity of feed provided to
livestock on a farm depend on a large number of variables, among them the age, breed and
production stage of animals, the management system and production targets of farms, as
well as the availability of grazing and feed ingredients. In general, small ruminant diet can
contain roughage (through grazing or provided as harvested forage) and various amounts
of concentrate feeds; the precise ratio between these two types of feeds varies in accordance
with the above.

Concentrate feed can be purchased directly as ready-made or, alternatively, it can be
prepared on the farm using bought-in ingredients. In some cases, farmers may also own
relevant farms (e.g., maize fields) or may purchase by-products of other factories (e.g.,
cottonseed cake) that help to reduce feeding costs. Feeds refer to a major pathway through
which resources enter the farm ecosystem.

Additionally, feed also represents an important pathway for the flow of nutrients
through the farm ecosystem. For example, nitrogen enters the ecosystem through purchased
feeds or vegetation consumed and is incorporated into the livestock component. Thereafter,
a proportion of nitrogen is subsequently exported from the ecosystem in animal products,
principally milk and meat, whereas another proportion is excreted in feces and urine.
Nitrogen in excreta may enter manure or be deposited directly onto grazing land and thus
become available subsequently within the soil–vegetation system, which contributes to
nutrient cycling within the farm ecosystem. Health-management decisions can modify
the magnitude and the direction of these flows; for example, changes in the quantity and
protein content of feed provided to livestock will modify nitrogen intake, subsequently
its utilization for animal production and, finally, the amount returned to the environment
through excreta.

5.4.2. Water

Availability of water represents an important environmental constraint in small ru-
minant farming, particularly in semi-extensive and extensive management systems in
arid and semi-arid areas. This can depend on the availability and yield of local water
sources, seasonal precipitation and drought conditions, as well as the competition for water
resources with other agricultural or human uses. Water availability may influence the loca-
tion of farms and grazing areas, the duration and distribution of grazing and, ultimately,
the management of livestock and the farm ecosystem. Periods of reduced water availability
may therefore modify interactions within the ecosystem and management decisions and
considerations applied therein [147].

Thereafter, the supply of an adequate quantity of good quality water to sheep or/and
goats is important for achieving high production and ensuring their optimum health.
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Animals should have ad libitum access to an adequate quantity of fresh water throughout
the day, which also covers the relevant welfare requirements [147,174]. In sheep or/and
goat farms, water can be provided through boreholes or through the local water network.
In the former case, regular water testing is necessary in order to ensure that water is free of
chemical contaminants or excessive mineral concentrations that may increase the risk of
clinical or subclinical disorders [147].

Conversely, farms may themselves influence the quality of surrounding water re-
sources. Runoff or leaching from areas where livestock are housed or grazed, or where
manure is stored or applied, may transfer nutrients, microorganisms or residues of vet-
erinary medicinal products to surface water or groundwater [175,176]. Additionally, the
disposal of livestock carcasses into streams represents a direct flow of material from the core
livestock component across the farm boundary and into the surrounding environment [177].
Thus, water also represents a pathway through which materials originating within the farm
ecosystem may cross its functional boundaries and affect the wider environment.

5.5. Climate Variables

Climatic variables can affect livestock health and welfare and may modify the envi-
ronmental conditions during housing and grazing. In farms managed under the intensive
system, buildings and their insulation can buffer livestock against external climatic condi-
tions (e.g., high temperatures) better than in extensively managed farms; in latter farms,
as discussed previously, there is minimal infrastructure, which allows greater exposure of
livestock to environmental variables.

Previous studies from various parts of the world reported that local breeds of small
ruminants appeared to have better tolerance to local climate conditions (including high
temperature) than imported breeds (e.g., Brazil [178], Ethiopia [179], India [180]). It has
been hypothesized that there might exist genetic differences to heat stress adaptation
and tolerance to high temperatures [181,182]. This could be mediated through a complex
network of genes [183,184]. Such an adaptation may contribute to the predominance of local
breeds or their crosses in farms managed under semi-extensive, extensive or very extensive
systems, wherein animals are more directly exposed to prevailing climatic conditions.

Precipitation acts as an important determinant for vegetation, specifically its type, dis-
tribution and productivity [185,186]. The total amount and seasonal timing of precipitation
at the farm location determine the vegetation on the farm premises and on the grazing
paddocks; this is important for the coverage of nutritional needs of the farm livestock.
Indeed, water is a principal resource for the growth of plants: it is necessary for cellular
turgor, nutrient transport, and photosynthesis [185].

Wind and solar radiation can also influence the thermal load experienced by grazing
livestock and can also modify the effective environmental temperature. Both variables
can shift the effective temperature for livestock beyond that recorded by a thermometer
outdoors [187].

It must be noted that climate variables are fundamentally different from the other
abiotic environmental compartments, in that they cannot be controlled at farm scale,
although exposure to them can be modified. Farmers can modify livestock exposure to
these variables through the appropriate health management of the farm.

In the long term, changes in climate variables at the locations of farms can have
direct effects on livestock health and welfare, as well as on production outcomes. These
changes will require appropriate modifications in the health management applied on
farms, for example changes in buildings and housing conditions, modifications in grazing
and nutritional patterns, adaptations in breed selection and alterations in the timing of
performing various interventions within stages of the annual production cycle. This makes

https://doi.org/10.3390/ani16193067

https://doi.org/10.3390/ani16193067


Animals 2026, 16, 3067 24 of 38

the climate variables a dynamic abiotic compartment, through which an external driver,
climate change, contributes to the changes performed in several interactions within the
farm ecosystem.

5.6. Farm Waste

Waste from small ruminant farms includes livestock and other animal excreta (feces
and urine), used bedding, wasted feed, wastewater from cleaning animal houses and farm
systems, milk unsuitable for sale, reproductive material (e.g., placentae or aborted embryos)
and animal carcasses. Farm waste can also contain various consumables associated with
farm management, for example, feed bags, baling twine, gloves, containers from veteri-
nary pharmaceutical products, etc., which have an ecologically different role than other
farm waste.

Feed and water enter into the farm ecosystem for livestock to use them for covering
their maintenance and production needs, and then a substantial proportion returns to
the environment as excreta. Another proportion of excreta with used bedding produces
manure, which may be applied onto the grazing paddocks or other agricultural land, and
can improve vegetation on the land, which in turn may contribute, in the future, to meeting
nutrient requirements of livestock. Material generated as farm waste can be re-used in
resource cycling and contribute to the function of the farm ecosystem.

Farm waste can interact with some biotic components of the ecosystem. It can contain
pathogens, as well as various non-pathogenic microorganisms. Organic waste specifically
provides a substrate for dung beetles and decomposing microorganisms. Among decom-
posing bacteria, the main groups include Bacillota (Firmicutes), Bacteroidota (Bacteroidetes)
and Pseudomonadota (Proteobacteria); all these participate in the decomposition of organic
matter in sheep excreta [188–190].

A schematic description of farm waste flows and associated interactions is in Figure 3.

 

Figure 3. Diagram of farm-waste flows and associated interactions within small ruminant farm
ecosystems.
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6. The Role of Health Management
6.1. General Considerations

During the establishment of the European College of Small Ruminant Health Man-
agement, small ruminant health management was defined as the evidence-based, health-
oriented sheep or/and goat production management at flock or/and herd level, that gives
special consideration to farm health, production systems and targets, and the management
of sheep or/and goat populations. Moreover, health management includes, at animal
and farm level, the evidence-based control of small ruminant diseases and disorders that
adversely affect the welfare of animals and the quality and safety of products of ovine
or/and caprine origin, as well as of conditions that pose a risk to public health [191]. Health
management extends beyond the prevention and treatment of disease and encompasses
management decisions that influence animal health, welfare, production and product
quality and safety.

The farm ecosystem comprises biotic components and abiotic environmental com-
partments, which are connected through various and multiple interactions, as described
in the previous sections. General examples of these include grazing, feeding, predation,
competition, animal–human contact and their potential associations with animal health,
welfare and productivity. Health management can act upon the components of the farm
ecosystem and the interactions between them; it is a principal means through which hu-
mans (who themselves are a component of the ecosystem) can act upon and deliberately
modify the ecosystem.

In all cases, the health management applied on farms is based on intended human
decisions, which deliberately influence and direct the interactions.

6.2. Ecosystem-Scale Examples

• Various biosecurity measures can be implemented based on decisions of the farmer
and lead to setting up fencing of the farm premises, controlling access to the farm
or/and quarantining newly purchased animals, which all lead to modifying contact
patterns between livestock and people (e.g., visitors), other animals (e.g., predator
mammals) and pathogens (e.g., bacterial transfer).

• Vaccinations are applied based on decisions of the farmer and provide a biological
input into livestock (antigens). This induces or enhances specific immunity in the
sheep or/and goat population, and modifies the interactions between vaccinated live-
stock and the targeted pathogen population (e.g., Toxoplasma gondii) and the potential
consequences of livestock infection (Figure 4). The application of vaccination as a
health-management intervention is also dependent on the availability of an appropri-
ate vaccine against the pathogen concerned; vaccine availability can thus act as an
external driver influencing health-management decisions at farm level.

• The application of hormonal control of reproduction, using intravaginal insertion of
progestogens and injectable administration of equine chorionic gonadotrophin leads
to concentration of the mating period within a short period (5–7 days) and requires
an increased number of rams or/and bucks for improving conception rates, which in-
creases direct contact of animals and consequently dissemination of pathogens during
the mating season. If these animals are not available on a farm, they could be trans-
ferred from other farms, which may reduce biosecurity standards applied and create
biosecurity challenges, potentially resulting in the introduction of new pathogens into
the farm. The synchronization of estrous cycles of the female animals leads to their
gestation periods running almost simultaneously, which supports grouping pregnant
females for the concurrent administration of vaccines and preventive treatments to-
wards the final stage of pregnancy. Later, the majority of females give birth within a
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short period (10–14 days), which requires availability of infrastructure to set up pens
for the post-parturient animals and their offspring, as well as increased farm labor to
monitor animals and provide assistance to newborns. A schematic description of this
example is in Figure 5.

Figure 4. Graphical model for the role of vaccination in small ruminant farm ecosystems (figure
produced in BioRender, under academic publication license no. EJ2A8PNI31 (2026)) (dark grey sheep:
unvaccinated, with no vaccine-induced immunity; off-white sheep: vaccinated, with vaccine-induced
immunity; purple round shapes: T. gondii oocysts).

 

Figure 5. Diagram of the role of hormonal control of reproduction and subsequent interactions
within small ruminant farm ecosystems (red arrows indicate flows; black arrows indicate changes in
magnitude).

• An increase in the number of daily milking sessions in a dairy farm is carried out
based on decisions of the farmer and leads to increased use of the milking system,
handling of livestock and labor requirements, which modify livestock–equipment
and livestock–human interactions and also require increased water use, with effects
on animal welfare, udder health and milk yield, as well as with larger amount of
wastewater; also, the increased number of livestock passages through the milking
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parlour contributes to increased contact among animals, as well as with the parlour
equipment (e.g., teatcups), leading to higher opportunities for pathogen circulation.
In this example, it should again be noted that the production of increased volumes of
wastewater and the higher pathogen circulation were unintended effects of the health
management applied on this occasion.

• Nitrogen enters into the farm ecosystem principally through feeds, as mentioned above,
as well as through animals introduced into the farm (e.g., replacement ewes or does).
Part of the nitrogen taken up by livestock is exported from the ecosystem through
milk and meat and through animals sold from the farm, whilst other parts return
to the environment through excreta or enters the farm-waste stream through animal
carcasses. In cases of mastitis, there is a documented decrease in the total milk protein
produced; further, lambs or/and kids may also be affected, showing suboptimal
growth and potentially reduced protein accretion. Moreover, acute clinical mastitis
may result in animal death; increased replacement rates may also be required to
compensate for the increased mortality and culling rates associated with the infection,
leading to additional livestock inputs into the ecosystem. In this way, mastitis can
modify the partitioning and flows of nitrogen through the livestock component, as
well as the proportions of nitrogen exported in animal products or transferred into
farm waste. Udder-health management measures applied for the control of mastitis
(e.g., milking-parlor hygiene, vaccination, intramammary antibiotic administration at
the end of the lactation period), through maintaining mammary health and production,
can therefore indirectly influence these material flows within the farm ecosystem.

• Anthelmintic treatments are performed based on decisions of the farmer and act upon
the livestock and the endoparasites (e.g., gastrointestinal trichostrongylids), which
leads to improved animal health and higher production outputs, and, thereafter, to
the presence of drug residues in excreta and in farm waste; this can affect the viability
of dung beetles in the soil of farm premises and grazing paddocks. Moreover, an-
thelmintic treatment also imposes selection pressure on parasite populations, favoring
the survival and reproduction of resistant parasites and, consequently, potentially
increasing the frequency of resistance within the parasite population. This effect
can accumulate after repeated treatments and can be accentuated in cases of erro-
neous decisions (e.g., in cases of administration of a reduced dose of the anthelmintic,
because of, for example, underestimation of the bodyweight of animals), thereby
representing a management-induced modification of a biotic component of the farm
ecosystem, which extends beyond the immediately intended outcome of treatment.
Maintenance of parasite populations in refugia, which remain unexposed to treatment,
can reduce selection pressure by preserving susceptible parasites within the ecosystem
and represents an example of health management deliberately modifying the structure
and interactions of a parasite population. Additionally, residues of administered
anthelmintics may be excreted in feces and enter farm waste and soil, where they can
affect non-target organisms such as dung beetles. Thus, the same health-management
intervention can simultaneously modify the targeted parasite population through
selection and non-target components through pharmaceutical residues.

• Administration of antibiotics provides a further example of selection pressure gen-
erated through farm health management. Their administration increases the risk of
selection of resistant bacterial populations within the treated livestock, whilst antibi-
otic residues, resistant bacteria, and also resistance genes may subsequently enter
into farm waste through feces, urine, or other biological material. Through manure,
used bedding or wastewater, these may reach soil and other environmental compart-
ments and potentially circulate among microbial communities within or beyond the
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farm ecosystem. Also, cell-free genetic material derived from antimicrobial-resistant
bacteria in milk can persist during processing [192,193], and become available for
subsequent dissemination. Antimicrobial resistance therefore illustrates how a health-
management intervention directed at the livestock component may modify microbial
biotic components and generate flows through several abiotic environmental com-
partments of the farm. In this last case, milk produced on a farm and derived dairy
products may provide a route for the transfer of these genes from the farm ecosystem
to the human population.

• Another directional flow influenced by health management refers to the use of veteri-
nary medicines and the subsequent production of food from sheep or goats. Following
administration of a veterinary medicine to livestock, residues of the active substance or
its metabolites may occur in edible products. Observance of the prescribed withdrawal
period (defined as the minimum amount of time that must elapse between the final
administration of a veterinary medicine to an animal and the time when products
from the treated animal can be safely supplied for human consumption) represents a
human management decision, which determines when these products can leave the
farm ecosystem and enter into the food chain. Thus, health management can regulate
a directional flow extending from the input of a pharmaceutical product, through the
livestock component and animal products, to consumers outside the farm ecosystem.

6.3. Integrated Application of Health Management in the Ecosystem Framework

Considered together, the above examples highlight that health-management inter-
ventions can modify multiple components and compartments and interactions and flows
within the farm ecosystem. The effects may also modify the temporal organization of the
system (e.g., as in the case of application of hormonal control of reproduction), as well as
extend beyond their immediately intended targets.

This also places humans in a dual position within the ecosystem, first as agents able
to modify the ecosystem and the interactions taking place through farm management
decisions, including those related to the application of health management, and second, as
a biotic component of the ecosystem (Figure 6).

Figure 6. Graphical model for the framework of the small ruminant farm as a managed ecosystem and
its modifications by means of health management (figure produced in BioRender, under academic
publication license no. AF2A8PO67O (2026)) (arrows indicate representative interactions).
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7. Conclusions
7.1. Conceptual Contribution of the Proposed Framework

We propose a reframing of the current concept, in which small ruminant farms are
considered as managed ecosystems. Moreover, we present and characterize the principal
biotic components and abiotic environmental compartments of the farm ecosystem within
this reframed concept, and we also describe various interactions that could occur within
and between these components. We propose that the ecosystem of a farm can extend
beyond the physical boundaries of that farm.

Our paradigm moves the conceptualization of small ruminant health and production
beyond approaches that consider individual components or interactions in isolation. The
proposed framework conceptualizes small ruminant farms as managed ecosystems, in
which biotic components and abiotic environmental compartments are interconnected
through dynamic interactions and flows modified by human management and exter-
nal drivers. This novel conception integrates the ecosystem components and compart-
ments within a single framework that allows and supports the systematic consideration
of their relationships, directionality, boundaries, and management-mediated modifica-
tions. The intended contribution does not refer to the identification of individual compo-
nents/compartments or interactions, many of which are already well recognized, but to
their integration within a single framework; through this, these dimensions can be exam-
ined systematically within the functioning of an individual small ruminant farm ecosystem.

Health management is a human-directed process acting upon the ecosystem. Health
management and the interventions and tools that it encompasses can modify relationships
and interactions among components and compartments of the farm ecosystem. The objec-
tive of these interventions is to achieve optimum health and welfare for the animals, at the
same time maximizing production outcomes and safeguarding public health. The resulting
effects of these interventions may extend beyond their immediate intended targets. In this
model, the dual role of humans should also be noted.

The proposed framework is distinct from, but complementary to, existing approaches
used in livestock studies. One Health emphasizes the interdependence of animal, human,
and environmental health; agroecosystem approaches consider agricultural production
within broader ecological processes; and socio-ecological approaches emphasize interac-
tions between humans and ecological systems. Herd health approaches, in turn, focus
principally on maintaining and improving health and productivity at the population level
through coordinated management. The framework proposed herein draws on elements of
those perspectives, but considers the individual sheep or/and goat farm as the principal
unit of analysis and explicitly organizes its biotic components and abiotic environmental
compartments according to the interactions and flows connecting them, their directionality,
inputs and outputs across functional boundaries, and human management and feedback.

7.2. Future Perspectives and Applications

The multiplicity of components, environmental compartments, interactions, flows
and management interventions within the farm ecosystem also highlights the value of
Precision Livestock Farming approaches in small ruminant health management [194–196].
Integration of data describing these different dimensions can facilitate the application of
machine-learning methods to identify complex relationships, predict health and production
outcomes, and support management decisions at farm level [197].

The framework proposed in this paper provides the basis for the further development
of health management of small ruminant farms as managed ecosystems. The consideration
of these wider relationships can support better-informed and integrated health management
of sheep or/and goat farms and their animal populations.
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As a qualitative conceptual framework, it provides a basis for the future quantitative
characterization of individual interactions and flows. In this context, future work can
quantify the effects of the various interactions and flows within farm ecosystems; it can
also evaluate how their structure and relative importance differ among production types,
management systems and geographical settings. Future studies can use network-based
approaches to identify components or interactions with disproportionate influence on
small ruminant health and welfare and production outcomes. The complexity of these
relationships highlights the importance of interdisciplinary work in these studies.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ani16193067/s1, Table S1: Management systems applied in
sheep farms and the principal elements of these systems (source: reproduced from the EFSA Panel on
Animal Health and Welfare); Table S2: Examples of wildlife mammal predators for sheep or/and
goats that predominate in various regions of the world; Table S3: Examples of pathogens that infect
sheep or/and goats.
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