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Abstract

Andean livestock agroecosystems depend on grassland and soil functionality to sustain
productivity, threatened by climate-driven glacial retreat, pasture degradation, and in-
creasingly frequent frosts, hailstorms, and droughts. Grounded in the Resilience Thinking
framework for socio-ecological systems, this study proposes and validates an explanatory
model examining how perceived climate change impacts (IMP) drive the adoption of regen-
erative livestock farming (ADOP) and impact the deterioration of livestock performance
(DES), with adaptive capacity and resilience (RES) as a mediating construct. Regenerative
livestock farming is operationalized through soil, forage, water, and biodiversity man-
agement, animal welfare, and climate adaptation strategies. Survey data from 91 South
American camelid producers in the Puno region, Peru, were analyzed using Partial Least
Squares Structural Equation Modeling (PLS-SEM) with second-order constructs. Climate
impacts emerge as the strongest antecedent of adaptive resilience (β = 0.718) and regenera-
tive adoption (β = 0.604) and have a significant direct effect on performance deterioration
(β = 0.292; p = 0.041). However, resilience does not significantly predict adoption (β = 0.075;
p = 0.619), revealing institutional, technological, and knowledge-related barriers that discon-
nect adaptive capacity from ecological transformation. Both adoption (β = 0.327; p = 0.002)
and resilience (β = 0.335; p = 0.003) are positively associated with performance deterioration,
suggesting reactive containment rather than consolidated restoration. Findings indicate
adaptive rather than transformative resilience in high-Andean livestock systems, indicating
that an effective regenerative transition requires participatory, context-sensitive approaches
supported by policies and technical assistance that strengthen long-term productive sus-
tainability and food security in vulnerable communities.

Keywords: regenerative livestock farming; socio-ecological system; climate change adaptation;
South American camelids; resilience; adaptation; performance deterioration

1. Introduction
Climate change has emerged as one of the greatest challenges facing humanity; its

direct effects, including rising global temperatures, extreme weather events, shifts in
climatic patterns, and glacier retreat driven by ocean and atmospheric warming, are evident
across regions, affecting stability of ecosystems, food security, and the livelihoods of
millions of rural producers [1]. The macroeconomic dimensions of this crisis are equally
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significant: a permanent 1 ◦C increase in global temperature reduces global GDP by more
than 20%, while a 2 ◦C increase by 2100 is projected to generate welfare losses exceeding
30% in present-day terms [2]. The urgency of addressing these challenges was reaffirmed
at the 30th United Nations Climate Change Conference (COP30) with the consolidation of
the Climate Action Agenda as a central pillar for driving concrete solutions in key sectors
of the real economy, including food systems, agriculture, and livestock farming [3], given
their dual role as sectors highly vulnerable to climate variations and, at the same time, as
key actors in climate change mitigation and adaptation [4].

In this context, livestock systems are facing increasing pressure to transition to climate-
smart models that are compatible with global climate goals, ecosystem services, and human
well-being [5–8]. In response, regenerative livestock farming has emerged as an agroeco-
logical approach to livestock management and agricultural production that seeks to imitate
the natural feeding and grazing patterns of animals; it proposes integrated management
of livestock ecosystems based on practices such as appropriate soil management, forage
strategies through rotational grazing and the diversification of plant species, the use of
biofertilizers, biodiversity monitoring, animal welfare, water management and the manage-
ment of microorganisms, thereby strengthening the resilience of production systems in the
face of climate-related disturbances [9,10]. Beyond its ecological dimensions, regenerative
livestock farming promotes the production of local and sustainable food, improves the
long-term profitability of livestock operations, and contributes to rural employment and
food security [11].

The Andean highlands are among the region’s most acutely exposed to these dynamics.
This ecoregion is the habitat of South American camelids, with a population of approxi-
mately 7.5 million alpacas (Vicugna pacos), 4 million llamas (Lama glama), 350,000 vicuñas
(Lama vicugna), and 600,000 guanacos (Lama guanicoe), providing livelihoods for approx-
imately 200,000 families across Peru, Bolivia, Argentina, Chile, and Ecuador [12]. Peru
concentrates around 87% of the world’s population of South American camelids; their
farming is an economic, social, and cultural pillar for nearly 90,000 producers [13], most of
whom live in conditions of poverty and extreme poverty, facing territorial exclusion, and
suffer from structural gaps in infrastructure, services, and market access. In this context,
the South American camelid value chain operates under conditions of high fragmentation,
asymmetries, and significant ecological degradation, limiting its capacity to implement
technological adaptation measures and sustainable management practices.

This situation has been exacerbated by extreme weather events, frosts, hailstorms,
prolonged droughts, and floods, are intensifying outside their typical seasons, causing
glacial retreat, soil degradation through salinization and runoff, and the deterioration
of wetlands and natural pastures [14] (Figure 1). These processes directly affect water
availability, forage quantity and quality, animal health, and the productive, economic,
and operational performance of camelid systems, configuring a scenario of compounded
vulnerability in which climate disturbances amplify pre-existing structural fragilities.

Although there is growing academic attention on climate change and climate-smart
systems incorporating regenerative livestock practices [15,16], few studies have been identi-
fied in regions such as Asia, Africa, and South America, regions that are critical for livestock
production [6]. Recent narrative reviews have begun to document regenerative livestock
pathways in South America contexts such as Chile, though current evidence remains qual-
itative, pilot-scale, and focused on temperature-climate cattle and sheep system rather
than on camelid agroecosystem in the High Andes [17]. Likewise, there is little contextual
research on rural livestock-raising communities and small-scale livestock production sys-
tems [18], particularly due to the existence of supply chain asymmetries, heterogeneous
populations, and cultural, technological, and institutional barriers [9]. Moreover, com-
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prehensive evidence on the effectiveness of regenerative livestock practices in reducing
climate-related impacts remains scarce [19]. Much of the existing literature has focused on
ruminants and the contribution of livestock production to greenhouse gas (GHG) emis-
sions, particularly methane (CH4) from enteric fermentation, rather than examining how
regenerative practices may simultaneously support climate adaptation, resilience, and
mitigation [5,15,20,21].

 
Figure 1. Andean frost-affected grasslands with grazing alpacas, Puno region, Peru.

The literature indicates that future research should prioritize integrated and interdis-
ciplinary approaches that take into account both the environmental and socioeconomic
dimensions of livestock systems’ resilience to climate change; this would contribute to
the development of effective strategies that support sustainable livestock production in a
changing climate [22,23], as suggested by [24], there is a need for participatory modeling
and the integration of indigenous knowledge.

To address these gaps, this study proposes and empirically validates an explanatory
model grounded in the Resilience Thinking framework for Socio-ecological Systems [25,26],
which examines how the perceived impacts of climate change (IMP) drive the adoption
of regenerative livestock farming (ADOP) and influence livestock system performance
deterioration (DES), with adaptive capacity and resilience (RES) acting as a mediating con-
struct. The model integrates four interrelated constructs organized around two explanatory
pathways: IMP → RES → ADOP, examining whether adaptive resilience translates into
regenerative transition; and IMP → RES → DES, which examines the role of resilience in
shaping livestock system performance deterioration under climate stress.

The study makes three interrelated contributions. From a theoretical perspective, it
expands the literature on resilience, adaptation to climate change, and the transformation
of livestock agroecosystems by integrating these frameworks into an empirically validated
structural model applicable to vulnerable contexts in the Southern Global High Andes.
From an applied perspective, the findings generate evidence on the socio-ecological barri-
ers that decouple adaptive capacity from regenerative transition, with direct implications
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for the design of public policies, rural development programs, and sustainability strate-
gies oriented toward strengthening food security in livestock communities under climate
pressure. From an environmental perspective, the study provides empirical evidence on
the role of regenerative livestock practices, including soil management, pasture diversi-
fication, water management, and biodiversity monitoring, as a potential mechanism to
strengthen agroecosystem resilience and support ecological functionality under climate
stress, while identifying the institutional and structural conditions that determine whether
their adoption translates into effective ecosystem restoration.

2. Theoretical Background
2.1. The Resilience Thinking Framework in Socio-Ecological Systems (SES)

Resilience has been defined as a system’s ability to persist in the face of disturbances
without losing its structure and function [26]. In socio-ecological systems (SES), resilience
focuses on three aspects: (1) persistence (remaining within the stability domain, while
fluctuating within the system’s thresholds); (2) adaptability (the ability to adjust to changes
in the external and internal context, allowing the system to develop within the current sta-
bility domain and along the current trajectory); and (3) transformability (the ability to create
new stability domains for the system’s development, that is, a new stability landscape and
the crossing of thresholds toward new trajectories). Thus, resilience can be operationalized
as a portfolio of capabilities: anticipation, absorption, recovery, and reconfiguration [25].
Furthermore, the Resilience Thinking framework emerged as a paradigm for understanding
and managing the complexity of coupled systems, both human and natural; this approach
represents a break with traditional notions of stability and control, emphasizing adaptability,
learning, and transformation in the face of uncertainty and change [27].

In livestock systems, resilience is a management asset that requires early warning of
climate disturbances and their effects; this is essential for improving the ability to respond
and self-organize in the face of internal or external factors influences [19].

2.2. Impacts of Climate Change and Adaptive Capacity and Resilience

The Resilience Thinking framework argues that external disturbances, such as the
direct and indirect impacts of climate change function as triggers that activate the adaptive
capacity and resilience of socio-ecological systems, mobilizing reorganization processes
aimed at ensuring the system’s continuity [25,26]. When perceived risk is high, systems
activate routines related to preparedness, learning, and flexibility as fundamental adaptive
responses [26,28]. In camelid-rearing systems in the High Andes, this dynamic is partic-
ularly acute: producers are exposed to climate disturbances that exacerbate one another,
such as glacial retreat, pasture degradation, and increased frequency of frosts, droughts,
and hailstorms, which directly compromise the ecological basis of their production systems,
creating conditions in which adaptive responses cease to be merely strategic and become
essential for survival [14,19].

Adaptive capacity, within the Resilience Thinking framework, refers to a system’s
ability to adjust to changes in external and internal conditions, allowing it to function within
its current range of stability and along its current trajectory [25]. In livestock systems, this
capacity is determined by socioeconomic factors, including access to resources, knowledge,
technical assistance, and institutional support, which determine the scope and effectiveness
of the adaptation strategies available to producers [26,27]. For camelid producers in
the High Andes, who operate under conditions of extreme poverty, territorial exclusion,
and structural deficiencies in services and market access [14], the relationship between
the perception of climate impacts and the activation of adaptive capacity is mediated
by these structural constraints, suggesting that greater exposure to climate disturbances
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generates more intense adaptive responses precisely in the contexts where such responses
are most urgent.

Empirical evidence supports this relationship across various livestock systems: studies
document that producers exposed to heat stress, excessive rainfall, and drought activate
adaptation strategies that include adjustments to feeding and herd management practices,
participatory approaches involving community stakeholders, and the integration of tra-
ditional knowledge into adaptation frameworks [19,23,29,30]. Understanding resilience
as the capacity to recover, reorganize, and maintain productive continuity is particularly
relevant to the High Andes systems, where the decline in pasture quality, water availability,
and animal health pose a direct threat to the livelihoods of families dependent on the
camelid value chain [14,31]. Based on the theoretical and empirical evidence presented, the
following hypothesis is proposed:

H1. The perceived impacts of climate change (IMP) have a significant positive effect on the adaptive
capacity and resilience (RES) of South American camelid producers.

2.3. Impacts of Climate Change, Resilience, and the Adoption of Regenerative Livestock
Farming Strategies

Studies provide considerable evidence of the impact of climate change on livestock
systems, such as declines in the production of meat, fiber, milk, and other products, making
it necessary to adopt resilience strategies; meanwhile, research on climate-smart systems
and regenerative practices agrees that climate and environmental shocks can accelerate
the adoption of more adaptive and restorative strategies [32]. At the same time, the
adoption of regenerative livestock practices is driven by environmental and economic
motivations, reinforced by integrated and holistic models that combine adaptation and
mitigation strategies.

There is evidence that regenerative systems improve the resilience of ecosystems
to the pressures caused by climate change through the diversification of food sources,
rotational grazing systems, adaptive management, and genetic selection, thereby restoring
key ecological functions, particularly those related to soil, water, biodiversity, and pasture
productivity [33–35]. They also reduce methane and nitrous oxide emissions by improving
forage quality, managing manure, and enhancing soil carbon sinks [36,37]. However, as
suggested by Escarcha [6], further research is needed to establish a quantitative relationship
between these factors, particularly in livestock and agricultural systems under diverse
regional conditions.

Nevertheless, the translation of adaptive capacity into the adoption of regenerative
practices is neither automatic nor universal. In contexts characterized by structural poverty,
weak institutional frameworks, and limited access to technology, financial resources, and
knowledge, adaptive resilience may function primarily as a survival mechanism rather
than as a driver of systemic transformation toward regenerative practices [9,38]. The
literature on climate change adaptation in smallholder farming and pastoralist systems
consistently identifies financial constraints, inadequate technical assistance, resistance to
change, and insufficient integration of traditional and indigenous knowledge as barriers
that hinder the path from adaptive capacity to the adoption of more sustainable man-
agement strategies [16,24]. Therefore, whether adaptive capacity effectively triggers the
adoption of regenerative practices may depend on the enabling conditions present in
the socio-ecological context, making this relationship an empirical question worthy of
investigation in vulnerable camelid systems in the High Andes. It should be clarified that,
within the proposed model, RES and ADOP are conceptualized as predominantly reactive
responses to climate stress rather than as proactive, anticipatory strategies, consistent with
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the resilience trap literature [39,40] and with the conditions of extreme structural poverty
and weak institutional presence that characterize camelid producers in the Puno region.
This reframing does not modify the direction of the hypothesized paths; it clarifies that
resilience and adoption are expected to be activated once climate impacts are perceived
as threatening, rather than in anticipation of future risk. This distinction is revisited in
Section 5 when interpreting the positive association of RES and ADOP with performance
deterioration (DES).

Therefore, the following hypotheses are proposed:

H2. Adaptive capacity and resilience (RES) have a significant positive effect on the adoption of
regenerative livestock farming (ADOP).

H3. The perceived impacts of climate change (IMP) have a significant positive effect on the adoption
of regenerative livestock farming (ADOP).

2.4. Impacts of Climate Change, Adaptive Capacity and Resilience, and Their Effect on the
Deterioration of Livestock System Performance

Climate change has a significant impact on livestock systems, affecting production,
economic viability, operational management, and market dynamics. From the perspective
of the Resilience Thinking framework, exposure to large-scale disturbances, when not
accompanied by adequate management, adaptation, and response capabilities, tends to
lead to a deterioration in system performance [25,27].

In terms of productive performance, changes in climate patterns reduce, for example,
the availability and quality of forage; droughts can exacerbate feed shortages, and all
of this affects livestock nutrition and productivity, resulting in reduced weight and fiber
quality; meanwhile, sudden shifts in extreme temperatures contribute to heat stress, causing
fertility problems and increased susceptibility to disease, as well as higher morbidity
and mortality rates among animals; they also negatively impact reproductive indicators,
reducing herd size [30,41,42].

From an economic performance perspective, the frequency and intensity of extreme
and less predictable weather events have affected the quality and quantity of natural
pastures and water sources for animal consumption, leading to increased feed costs and
operating expenses, which is unsustainable, especially in a value chain characterized by
extreme poverty, leading to a decline in productivity, which impacts revenue generation
from the sale of products and byproducts [41,43,44].

From an operational and commercial perspective, the increased frequency and severity
of droughts lead to water shortages, limiting the ability to maintain herd sizes and necessi-
tating the adoption of water management practices and changes in feeding regimes [14].
Climate change disrupts the entire livestock supply chain, from rearing and production to
marketing and processing. The indirect effects of climate change, such as the deterioration
of transportation and communication infrastructure, affect the marketing of wool, meat,
and other products, reducing producers’ ability to generate income. These disruptions
can lead to increased costs and reduced market access, especially for small-scale livestock
farmers, who may lack the necessary resources to adapt [42,43].

From the perspective of the Resilience Thinking framework, the relationship between
adaptive resilience and performance deterioration may not follow a straightforwardly
negative direction. In contexts of structural vulnerability, adaptive responses may be ac-
tivated precisely when performance deterioration is most acute, functioning as reactive
containment mechanisms rather than as restorative capacities [19,25]. This suggests that
resilience and performance deterioration may coexist, with greater adaptive activation
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reflecting greater exposure to unmanaged climate disturbances rather than effective per-
formance recovery. Under conditions of extreme poverty and institutional weakness, the
activation of resilience may sustain system continuity without reversing underlying degra-
dation, a dynamic consistent with what the literature has begun to theorize as a resilience
trap [39,40]. The direction and magnitude of the RES→DES relationship is therefore treated
as an empirical question in the present study.

Based on the literature, the following hypotheses are proposed:

H4. The perceived impacts of climate change (IMP) have a significant positive effect on livestock
system performance deterioration (DES).

H5. Adaptive capacity and resilience (RES) have a significant effect on livestock system performance
deterioration (DES).

2.5. The Effect of Adopting Regenerative Livestock Farming on the Deterioration of Livestock
System Performance

Regenerative livestock farming seeks to restore the ecological functionality of the
system through practices associated with soil conservation, improved water management,
pasture enhancement, biodiversity, animal welfare, better management decisions, and
strategies to reduce greenhouse gas emissions [33,45]. In theory, these practices should
reduce the system’s effective exposure to climatic disturbances and strengthen its capacity
to sustain productive and economic outcomes over time. Recent evidence suggests that
regenerative practices can improve natural capital attributes, promote water retention, and
contribute to the system’s productivity and sustainability, although their results depend on
the context and the management package implemented [46].

However, the relationship between regenerative adoption and performance outcomes
is context-dependent and may not follow the expected negative direction in all socio-
ecological settings. In agroecosystems characterized by extreme poverty, limited invest-
ment capacity, prices below operating costs, and weak institutional support, regenerative
practices may be adopted as reactive responses to climate-induced losses rather than as
proactive investments in ecological functionality [6,34]. Under these conditions, adoption
and performance deterioration may coexist; producers may implement regenerative
strategies precisely when their systems are under greatest stress, without yet having
access to the institutional, financial, and knowledge conditions that would enable these
practices to reconfigure system trajectories toward improved ecological and productive
outcomes [14]. The adoption of climate-smart or regenerative practices in contexts of
extreme poverty is often constrained by limited education, limited market access, and
insufficient financial resources [6,34], suggesting that the ADOP→DES relationship is
an empirical question contingent on the structural conditions of the agroecosystem
under study.

H6. The adoption of regenerative livestock farming (ADOP) has a significant effect on livestock
system performance deterioration (DES).

The research model details the relationship between the variables (constructs) and the
hypotheses formulated based on theoretical evidence (Figure 2).
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Figure 2. Conceptual Model.

3. Methodology
3.1. Research Design

The study aimed to explain how the impacts of climate change (IMP) have an effect
on the deterioration in performance (DES) of the livestock system, with adaptive capacity
and resilience (RES) and the adoption of regenerative livestock farming (ADOP) acting as
mediating constructs.

The research was conducted from a positivist perspective, using a deductive approach
focused on applying theory to structure constructs and formulate hypotheses. It followed a
quantitative, explanatory framework and adopted a non-experimental, cross-sectional, and
correlational-causal design. Given this cross-sectional design, all structural relationships
reported in Sections 4 and 5, including the terms “effect,” “driver,” “antecedent,” and
“mediation,” are used in the statistical sense conventional in PLS-SEM reporting [47] to
describe the direction, magnitude, and statistical significance of path coefficients estimated
through bootstrapping, without implying verified temporal precedence, confirmed causal
mechanisms, or the exclusion of reverse causality. Partial least squares structural equation
modeling (PLS-SEM) was used to predict the degree of effect of the construct “impact of
climate change” (IMP) on the deterioration of livestock system performance (DES), as well
as the mediating effects of “adaptive capacity and resilience” (RES) and the “adoption of
regenerative livestock strategies” (ADOP) in the Puno Region, Peru (see Figure 2). The
model consists of two stages: in the first, the reflective and formative constructs were
evaluated, and in the second, the predictive power of the structural model was evaluated.

3.2. Data Collection and Sampling Strategies

In this study, the unit of analysis was the South American camelid producer, defined
as the owner of a camelid farming operation (fundo) located at altitudes between 3600 and
4200 m above sea level (m.a.s.l.) in the Puno Region, Peru. This region was selected because
it concentrates approximately 80% of the world’s South American camelid population,
with alpacas (Vicugna pacos) representing the most significant species, with a registered
population of 4,545,820 animals [13]. The South American camelid value chain is considered
one of the most important for producer livelihoods and as a source of raw materials for
the textile, meat, and leather sectors [48]. Owners were selected as the unit of analysis
because they hold primary decision-making authority over farming management practices,
resource allocation, and the adoption of regenerative strategies within the production
system, making them the most appropriate informants for the perceptual and behavioral
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constructs measured in the model. The inclusion criteria were: (a) the owner’s farming
operation must be located within the Puno Region; (b) the operation must maintain an
active population of South American camelids; and (c) the owner must hold land designated
for camelid breeding and management.

Although the South American camelid producer population in the Puno Region is
estimated at approximately 90,000 owners [13], three converging structural barriers made a
larger, probabilistic sample impracticable within the scope of this study. First, geographic
accessibility: camelid-rearing fundos are dispersed across high-Andean rangelands at
altitudes between 3600 and 4200 m.a.s.l., often several hours from the nearest road, and no
reliable census or cadastral registry exists that could serve as a probabilistic sampling frame;
this precludes the construction of a probabilistic sampling frame and rules out random or
stratified sampling. Second, linguistic accessibility: a substantial proportion of producers
are monolingual speakers of Quechua or Aymara, with limited or no Spanish proficiency,
which requires bilingual, community-trusted interviewers administering the survey face-
to-face and increases the time and cost per case. Third, literacy: many producers have not
completed formal schooling and do not read or write with functional fluency, which rules
out self-administered, mailed, telephone, or online modalities and requires oral, one-on-one
interviews. These three conditions jointly characterize the target population as hard-to-
reach in the methodological sense, distinguishing the present case from instances in which
small, non-probabilistic samples are used as a matter of convenience despite a large and
readily accessible population, a practice that has been criticized in the PLS-SEM literature.

Data collection was conducted using a structured in-person survey consisting of four
sections, developed based on the Resilience Thinking framework literature and empirical
studies on climate change adaptation and regenerative livestock practices. Content va-
lidity was established through expert judgment, involving five specialists in agricultural
systems, agroecology, and rural development, who evaluated item relevance, clarity, and
representativeness; items not meeting the established content validity criteria were revised
or removed prior to data collection. The first section measured producers’ perceptions of
the impacts of climate change (IMP) on the South American camelid value chain, using a
five-point Likert scale (1 = “No impact”; 5 = “Very high impact”).

The second section assessed producers’ adaptive capacity and resilience (RES) to
climate change using a five-point Likert scale (1 = “Strongly disagree”; 5 = “Strongly agree”).

The eight dimensions used to operationalize ADOP were derived from the regenera-
tive livestock farming literature reviewed in Section 2.3 [9,10,33,45], which characterizes
regenerative management as a multidimensional agroecological package rather than a
single practice. Because a large number of formative indicators inherently limits how
many of them can attain statistically significant weights [49], the eight dimensions were
aggregated into a second-order formative construct rather than modeled as a single flat set
of indicators, following established guidance for this situation [49].

The third section identified and assessed the degree of adoption of regenerative
livestock practices (ADOP) across eight dimensions: soil management, forage strategy
and pasture diversification, water management, biodiversity management, animal welfare,
economic and social farm management, education and monitoring, and climate adaptation
strategies, measured using a five-point Likert scale (1 = “No practice at all”; 5 = “Very high
adoption of the practice”).

The fourth section measured the deterioration of the livestock system’s performance
(DES) across three dimensions: productive performance, economic performance, and
operational and commercial performance, using a five-point Likert scale (1 = “No impact”;
5 = “Very high impact”). Table 1 presents the full operationalization of the constructs and
their indicators.
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Table 1. Constructs and indicators of measurement models.

Indicator Constructs

Climate change impact (IMP)

im01 Increased frequency and intensity of extreme weather events (frosts, hailstorms, prolonged snowfall,
Indian summers)

im02 Lack of predictability regarding weather events.
im03 Excessive drought
im04 Excessive prolonged rainfall
im05 Decline in the quantity and quality of pasture available for feeding camelids
im06 Decline in water sources for camelid consumption.
im07 Impact on the social and cultural sustainability of the pastoral system

im08 It destabilizes the High Andean socio-ecological model by reducing pasture, water, animal health,
and productivity

Adaptive capacity and resilience (RES)

re01 I have adjusted my alpaca management practices to respond to the effects of climate change.
re02 * I have useful information to apply measures that reduce the effects of climate change on alpaca husbandry.

re03 The traditional knowledge and practices of my community are useful for addressing the impacts of
climate change.

re04 * I am willing to incorporate new practices that strengthen my livestock system’s response capacity to
climate change.

re05 My community has the capacity to adapt to climate variations and events that affect alpaca husbandry.

re06 * I have sufficient access to technology, technical assistance, and training to address the impacts of
climate change.

Adoption of regenerative livestock farming (ADOP)

Soil management (2nd order construct)

su01 Conducts periodic soil quality analysis (pH, organic carbon, nutrients).
su02 Implement practices to increase organic matter in the soil (use of manure, composting).
su03 Maintains plant cover throughout the year to prevent erosion.
su04 Applies minimal soil disturbance techniques (avoiding deep plowing or pasture burning).
su05 Promotes the use of native plant species that support soil regeneration.

Forage strategy and pasture diversification (2nd order construct)

ef01 Plans and implements pasture rotation to avoid overuse/overgrazing and allow pasture regeneration.

ef02 Monitors the carrying capacity of grasslands and adjusts the number of alpacas according to
forage availability.

ef03 Promotes plant diversity in grasslands to improve forage supply and resilience.
ef04 Conducts practices to regenerate the soil, such as sowing native species or establishing plant cover.
ef05 Use regeneration indicators such as water infiltration rate and permanent plant cover.
ef06 Use non-chemical fertilizers to improve the quality of pastures
ef07 Uses natural or native pastures to feed alpacas.
ef08 Use improved or sown pastures to feed alpacas.
ef09 Uses a combination of herbaceous, shrub, and tree species.

Water management (2nd order construct)

ga01 Implement systems to capture and store rainwater (channels, reservoirs).
ga02 Maintains, restores, and protects peatlands and wetlands as natural water sources.
ga03 Designs strategies to improve water infiltration into soils.
ga04 Prevents uncontrolled alpaca access to sensitive water sources to avoid contamination.

Biodiversity management (2nd order construct)

bi01 Monitors biodiversity in grazing areas (birds, insects, flora).
bi02 Integrates trees and shrubs into the grazing system (agro-silvopastoral systems).
bi03 Respects biological corridors and conservation areas within the property.
bi04 Use non-chemical methods for pest and disease control.
bi05 Conducts actions to increase biodiversity in areas and lands used for production.
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Table 1. Cont.

Indicator Constructs

Animal welfare (2nd order construct)

ba01 Provides continuous access to clean, high-quality water for alpacas.
ba02 Maintains clean and adequate facilities for shelter during adverse weather conditions.
ba03 Implements a health schedule to prevent disease (vaccination, deworming).
ba04 Regularly monitors the animals’ health status and body condition.
ba05 Ensures that management practices are consistent with animal welfare principles.
ba06 Provides specific care to reduce stress and ensure the overall health of alpacas.
ba07 Implement practices that promote more natural and respectful alpaca husbandry.

Economic and social management (2nd order construct)

gs01 Evaluates the economic costs and benefits of implementing regenerative livestock farming.
gs02 Trains staff and producer families in regenerative techniques.

gs03 Promotes the use of differentiated and sustainable products (organic fibers, regenerative wool) in
specialized markets.

gs04 Encourages collaboration among producers to improve marketing and access to resources.
gs05 Designs a sustainable financial plan that includes reinvestment in regenerative practices.

Education and monitoring (2nd order construct)

em01 Participates in training programs on regenerative livestock farming.
em02 Regularly monitors indicators of success (forage production, soil quality, animal condition).
em03 Documents of the practices implemented and their results for future improvements.
em04 Participates in networks exchanging experiences with other producers.
em05 Incorporates gender and inclusion perspectives into decision-making in the production system.

Strategies for adapting to climate change (2nd order construct)

ac01 Evaluates the system’s vulnerability to climate change (droughts, intense rains, etc.).
ac02 Introduces grass and forage species that are more resistant to extreme climate conditions.
ac03 Promotes practices that increase carbon capture in the soil.
ac04 Monitors and adjusts stocking rates according to climate variations.
ac05 Designs strategies to mitigate climate risks in coordination with other local communities.
ac06 Evaluates and minimizes greenhouse gas emissions generated by livestock activity.

Deterioration of performance (DES)

Deterioration of production performance (2nd order)

dp01 Increased incidence of and susceptibility to diseases.
dp02 Increased morbidity and mortality rates due to extreme climatic events (frosts, droughts)
dp03 Affect livestock nutrition
dp04 Heat stress causes fertility problems
dp05 Affects productivity and reduces both the quality and quantity of fiber and meat production.
dp06 Affects the breeding process negatively.

Deterioration of economic performance (2nd order)

de01 Affects the quality and quantity of natural pastures, leading to higher feed costs.
de02 Affects water sources for animal consumption, increasing risks and operating expenses.
de03 Low productivity affects income from the sale of products and byproducts.

Deterioration of operating and commercial performance (2nd order)

do01 Water scarcity limits the ability to maintain herd sizes and necessitates the adoption of water
management practices.

do02 The effects on pasture quality and quantity necessitate changes in feeding regimes.
do03 Disrupts the livestock supply chain, from breeding and production to marketing and processing.
do04 Leads to changes in animal management and welfare due to disease.
do05 Affects the availability of logistics infrastructure for the marketing of camelid products and byproducts.

(*) The removed items are marked with an asterisk.
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A non-probabilistic sampling strategy was employed, combining purposive and con-
venience sampling techniques. The sample consisted of 91 South American camelid farm
owners (fundos) from the Puno Region, of whom 54% were men and 46% were women. The
adequacy of the sample size for PLS-SEM estimation was verified following the ten-times
rule, which requires a minimum of ten cases per the largest number of structural paths
pointing to any single construct in the model [47]; the present sample exceeds this threshold.
Data collection took place between 2024 and 2025.

Partial Least Squares Structural Equation Modeling (PLS-SEM) was selected for data
analysis given its suitability for models with small-to-medium sample sizes, its capacity
to handle both reflective and formative measurement models, and its orientation toward
prediction and explanation of complex structural relationships [47,50]. SmartPLS version
4.1.1.7 was used for all estimations.

The analytical procedure followed a two-stage approach: in the first stage, the reflective
measurement model (RES) and the formative measurement models (IMP, ADOP, and DES)
were evaluated for reliability, convergent validity, discriminant validity, indicator weights,
and collinearity; in the second stage, the structural model was assessed by examining path
coefficients, effect sizes (f2), coefficients of determination (R2), and the significance of direct
and indirect effects through bootstrapping with 5000 subsamples.

4. Results
4.1. Model Description

In the model described in Figure 3, there is a latent variable (LV) composed of reflective
indicators: adaptive capacity and resilience to climate change (RES). There are three latent
variables composed of formative indicators: impact of climate change (IMP); adoption of
regenerative livestock farming (ADOP); and deterioration in the performance of livestock
systems (DES).

Figure 3. Research model.

4.2. Reflective Measurement Model

Adaptive capacity and resilience (RES) are reflective mediating construct. To evaluate
the reflective measurement model, it is necessary to analyze internal consistency (composite
reliability and Cronbach’s alpha); convergent validity (average variance extracted (AVE));
and discriminant validity. Table 2 shows that items re03, re05, and re01 perform acceptably;
however, re02 and re04 are weak, and re06 is very weak. Since they fall below the threshold
and do not meet the estimated loadings, they were removed, and the simple PLS algorithm
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was recalculated. Table 3 shows the fit with acceptable loadings for the indicators, with
adequate overall performance. Internal reliability and convergent validity are acceptable: α
= 0.714, rho_C = 0.842, and AVE = 0.644. As a result of the refinement of the RES reflective
construct, adequate levels of reliability and convergent validity were achieved.

Table 2. Reflective measurement model.

Latent Construct Item Factor Loading AVE Composite
Reliability CR

Cronbach’s
Alpha

RES re01 0.654

0.354 0.842 0.714

RES re02 0.428
RES re03 0.886
RES re04 0.361
RES re05 0.77
RES re06 0.062

Table 3. Adjusted reflective measurement model.

Latent Construct Item Factor Loading AVE Composite
Reliability CR

Cronbach’s
Alpha

RES re01 0.675
0.644 0.842 0.714RES re03 0.911

RES re05 0.804

The three retained indicators jointly capture two complementary facets of adaptive
capacity: behavioral adjustment of individual management practices (re01) and community-
level knowledge and collective adaptive capacity (re03, re05). The three items addressing
individual access to information, technology, and technical assistance (re02, re04, re06)
exhibited weak loadings and were removed during scale purification. This pattern is
consistent with the structural conditions of the study population: camelid producers
in high-Andean fundos above 3600 m.a.s.l. predominantly live in poverty or extreme
poverty, with limited or no access to basic services such as electricity, potable water, and
lighting, and negligible internet connectivity. Under these near-uniform conditions of
restricted material and informational access, items measuring this dimension display little
response variability across the sample, which is reflected statistically in their weak factor
loadings rather than in a flaw of item design. Consequently, the refined RES construct
emphasizes the behavioral and collective-experiential dimensions of adaptive capacity that
remain empirically measurable in this population, with more limited coverage of individual
material and informational resources.

4.3. Assessment of the Formative Measurement Model

The formative measurement model is evaluated based on the following aspects: con-
vergent validity, collinearity of indicators, statistical significance, and the relevance of
indicator weights. To validate the constructs measured by formative assessment, the Boot-
strap model was estimated to use 5000 samples; the climate change impacts (IMP) construct
is exogenous and a composite construct; its indicators show external VIF values ranging
from 1.239 to 2.038, with no critical collinearity. Regarding the external weights, only im03,
im05, im06, and im08 are significant (Table 4).

The adoption of regenerative livestock farming (ADOP) is a mediating construct, a
second-order composite construct. Table 5 reports, for each of the eight ADOP dimensions,
both the outer weight (with its p-value) and the outer loading, allowing the retention
of each dimension to be assessed against two complementary criteria: statistical signifi-
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cance of the weight, and the 0.50 absolute-loading threshold recommended when a weight
is non-significant [47,49]. Four of the eight dimensions, economic and social manage-
ment (the only dimension with a significant weight, β = 0.83, p = 0.001), animal welfare
(loading = 0.752), forage strategies and pastures (loading = 0.602), and climate adapta-
tion (loading = 0.599), meet the loading threshold and are retained on both statistical and
absolute grounds. The remaining four, soils management (loading = 0.439), education
and monitoring (loading = 0.402), water management (loading = 0.391), and biodiversity
(loading = 0.205), fall below this threshold on both criteria and are retained here on theo-
retical grounds alone, pending further validation. This is precisely the scenario for which
Cenfetelli and Bassellier [49] recommend, as one of three valid options, aggregating the indi-
cators under a second-order construct that mediates the effects of the first-order dimensions,
which is the specification already adopted for ADOP in this study.

Table 4. Assessment of the IMP formative construct.

Items Outer Weights p Outer Loadings VIF

im01 −0.026 0.852 0.4 1.442
im02 −0.074 0.554 −0.072 1.239
im03 0.369 0.002 0.567 1.366
im04 −0.126 0.228 0.247 1.281
im05 0.381 0.002 0.742 1.617
im06 0.281 0.039 0.756 1.677
im07 0.141 0.416 0.731 2.038
im08 0.33 0.01 0.691 1.743

Table 5. Assessment of the ADOP formative construct.

Dimension Outer
Weights p Outer

Loadings VIF

LVS—animal welfare 0.08 0.776 0.752 4.94
LVS—biodiversity −0.05 0.845 0.205 3.374
LVS—climate adaptation 0.201 0.105 0.599 1.911
LVS—economic/social management 0.83 0.001 0.98 3.048
LVS—education and monitoring −0.125 0.555 0.402 2.434
LVS—forage strategies and pastures 0.194 0.491 0.602 5.308
LVS—soils management −0.045 0.841 0.439 3.336
LVS—water management −0.078 0.701 0.391 2.54

Deterioration in livestock system performance (DES) is a final endogenous construct,
a second-order composite HCM. At the second-order level, economic performance and
productive performance have significant weights and serve as the drivers of the construct
(Table 6). The operational and commercial performance dimension, although its weight
is non-significant, retains a relevant outer loading (0.696), above the 0.50 retention thresh-
old [47], and is preserved on theoretical grounds because it captures a facet of performance
deterioration, market access and supply-chain disruption, not covered by the economic or
productive dimensions.

Table 6. Assessment of the DES formative construct.

Dimension Outer Weights p Outer Loadings VIF

LVS—Economic performance 0.564 0.018 0.929 3.245
LVS—Operational &
commercial performance −0.177 0.196 0.696 2.501

LVS—Productive performance 0.631 0.007 0.949 2.918
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4.4. Structural Model Assessment

After assessing the validity and reliability of the data, the next step was to determine
the relationships between the constructs. Figure 4, Tables 7 and 8 show the results of the
structural equation model, including the path coefficients.

Figure 4. Result of structural mode.

Table 7. Internal collinearity of the structural model.

Relationship VIF Assessment

RES → ADOP 2.066 Acceptable
RES → DES 2.076 Acceptable
ADOP → DES 1.771 Acceptable
IMP → RES 1.000 Acceptable
IMP → ADOP 2.066 Acceptable
IMP → DES 2.712 Acceptable

Table 8. Quality of the structural model—path coefficient results.

Hypotheses Hypothetical Relationship β t-Value p-Value f2 Decision

H1 IMP → RES 0.718 13.061 0 1.066 Supported
H2 RES → ADOP 0.075 0.498 0.619 0.005 Not supported
H3 IMP → ADOP 0.604 4.480 0 0.312 Supported
H4 IMP → DES 0.292 2.046 0.041 0.099 Supported
H5 RES → DES 0.335 3.023 0.003 0.17 Supported
H6 ADOP → DES 0.327 3.125 0.002 0.189 Supported

Regarding the coefficients of determination (R2), the model explains 51.6% of the
variance in RES, 43.5% of the variance in ADOP, and 68.2% of the variance in DES; thus,
the model’s explanatory power is strong for DES.

In Table 9, we observe the effect of the mediating constructs on the model. It is observed
that the effect of IMP on DES is transmitted through two mediating routes, via ADOP
and RES. Two of the five specific indirect effects reported in Table 9, RES→ADOP→DES
and IMP→RES→ADOP, are not statistically significant, consistent with the non-significant
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RES→ADOP path (H2) documented in Table 8. Rather than indicating a specification
problem, these non-significant chains reinforce the study’s central finding that adaptive
resilience and regenerative adoption operate as structurally disconnected responses to
climate impacts in this context. Likewise, it is evident that the model has no internal
multicollinearity issues, with VIF values ranging from 1.0 to 2.712.

Table 9. Indirect effect.

Indirect Effect β t p

RES → ADOP → DES 0.025 0.48 0.631
IMP → RES → ADOP 0.054 0.48 0.631
IMP → ADOP → DES 0.197 2.349 0.019
IMP → RES → DES 0.241 2.851 0.004
IMP → RES → ADOP → DES 0.018 0.46 0.645

5. Discussion
Based on the Resilience Thinking framework, which emphasizes adaptability and

transformation within socio-ecological systems [25,26], the PLS-SEM and bootstrapping
analyses show high predictive power, explaining 51.6% of the variance in RES, 43.5%
in ADOP, and 68.2% in DES. For completeness, the full set of approximate fit statistics
estimated in SmartPLS 4.1.1.7 is reported here: SRMR = 0.085, unweighted least squares dis-
crepancy (d_ULS) = 1.827, geodesic discrepancy (d_G) = 1.006, exact-fit chi-square = 401.38,
and NFI = 0.739, with identical values for the saturated and the estimated model. Method-
ologists caution, however, that thresholds proposed for these indices in variance-based
PLS-SEM should be treated as tentative, and that the value of the model-fit concept for
PLS-SEM applications has itself been questioned [47]; consistent with this guidance, the
statistics reported here are interpreted as approximate, exploratory indicators of model
tension rather than as strict confirmatory criteria. This boundary condition, related to the
complexity introduced by the second-order formative specifications of ADOP and DES, is
acknowledged transparently as a limitation in Section 5.8.

These results provide structural evidence of dynamic resilience in South American
high-Andean camelid agroecosystems, demonstrating how production systems reorganize
and transform their practices in response to extreme climatic disturbances. Specifically,
the findings reveal how climate-driven shocks trigger adaptive responses, influence the
determinants of regenerative livestock adoption, and encourage the implementation of
climate-smart practices. At the same time, they expose the socio-ecological barriers that
prevent adaptive capacity from translating into effective ecological transformation and the
recovery of productive performance. The following subsections examine each structural
relationship, contextualize the findings within the existing literature, and discuss their
theoretical and practical implications for future research.

5.1. Climate Change Impacts (IMP) and Adaptive Capacity and Resilience (RES)

The results confirm a strong and significant effect of IMP on RES (β = 0.718; f2 = 1.066),
which supports hypothesis H1 and establishes that the impacts of climate change are the
main driver of adaptive responses amongst camelid producers. A greater perception of cli-
matic disturbances triggers resilience mechanisms, which is consistent with the proposition
within the Resilience Thinking framework that external disturbances mobilize the reor-
ganization of the system [25,26], as well as with empirical studies documenting adaptive
responses to heat stress, drought and excessive rainfall in livestock systems [19,30,31].

This finding expands current knowledge by demonstrating that, in contexts of extreme
poverty and structural vulnerability, climate pressure acts as a mobilizing rather than
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a paralyzing disturbance: producers activate available adaptation strategies as a direct
response to perceived risk. The Resilience Thinking framework distinguishes between
persistence, adaptability and transformability as three interrelated system capacities [25];
the present results suggest that camelid producers in the High Andes operate predomi-
nantly within the realm of adaptability, adjusting practices within the limits of the existing
system, without having yet accessed the realm of transformability that would allow a
reconfiguration towards regenerative agroecosystem trajectories. Future research could
examine the thresholds at which adaptability gives way to transformability in the pastoral
systems of the High Andes, incorporating longitudinal designs that capture the temporal
dynamics of adaptive responses across successive climatic events.

5.2. Adaptive Capacity and Resilience (RES) and the Adoption of Regenerative Livestock
Farming (ADOP)

Hypothesis H2 is not empirically supported (β = 0.075; p = 0.619; f2 = 0.005), revealing a
structural disconnect between adaptive capacity and the adoption of regenerative livestock
practices. This is the most significant finding of the study from a theoretical perspective:
although producers demonstrate resilience in the face of climate pressure, operating within
the adaptability domain of the Resilience Thinking framework, this capacity does not
translate into a regenerative transition, indicating that the path from adaptive capacity
to ecological transformation is disrupted by socio-ecological barriers that the framework
alone cannot overcome.

This result differs from studies conducted in other regions that document a positive
association between resilience and the adoption of sustainable practices [32,33], and pro-
vides new empirical evidence by identifying that, in contexts characterized by extreme
poverty, supply chain asymmetries, and weak institutional frameworks, resilience functions
as a survival mechanism rather than as a driver of transformation. Within the Resilience
Thinking framework, transformability requires the capacity to create fundamentally new
system configurations [25]; the present findings suggest that this capacity is structurally
constrained by barriers including limited access to financial resources, restricted technolog-
ical infrastructure, inadequate technical assistance, resistance to change, and insufficient
integration of traditional and indigenous knowledge into regenerative management frame-
works [24,38]. These findings are consistent with calls for participatory approaches that
integrate indigenous knowledge and community-based institutional support as necessary
prerequisites for regenerative transition in vulnerable pastoral systems [16,24,38]; a parallel
case can also be drawn from indigenous livelihood strategies among Adivasi communities
in India [51], where community-based institutional support has similarly mediated the
translation of adaptive capacity into livelihood transformation among structurally marginal-
ized populations, illustrating this dynamic beyond directly comparable agroecosystems.

A key theoretical implication is that the Resilience Thinking framework, when ap-
plied to livestock systems in the Global South, must explicitly account for the structural
conditions, institutional, financial, cultural, and knowledge-based, that determine whether
adaptability translates into transformability. Future research should develop and empiri-
cally evaluate models that identify these enabling conditions in vulnerable agroecosystems
of the High Andes, incorporating governance variables and participatory design as integral
components of the analytical framework.

5.3. The Impact of Climate Change (IMP) and the Adoption of Regenerative Livestock
Farming (ADOP)

The direct effect of IMP on ADOP is strong and significant (β = 0.538; f2 = 0.312), which
supports Hypothesis H3 and confirms that climate pressure is the primary antecedent of the
adoption of regenerative practices, independent of the pathway through adaptive capacity
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and resilience. The indirect effect via RES is marginal (β = 0.054; p = 0.631), resulting in a
total effect of 0.658, which reinforces the idea that the IMP→ADOP relationship operates
predominantly through direct mechanisms: producers adopt regenerative practices as a di-
rect response to perceived climate risk, without going through the mediation of formalized
resilience capacities.

From the perspective of the Resilience Thinking framework, this result can be inter-
preted as a direct disturbance–response dynamic in which the system’s exposure to climate
impacts generates an immediate impetus for reorganization; the adoption of regenerative
practices, without the intermediate consolidation of adaptive capacity as a stable platform
for transformation [25]. This is consistent with evidence that environmental and economic
crises accelerate the adoption of adaptation and restoration strategies in various regional
livestock contexts [6,32], as well as with the growing body of literature that positions regen-
erative livestock farming, through its emphasis on soil management, pasture diversification,
water management, and biodiversity monitoring in grazing areas, as a promising response
to climate-induced agroecosystem degradation [33,34].

However, the absence of meaningful mediation through the RES raises a fundamental
question about the quality of adoption: when regenerative practices are adopted out of
urgency, rather than through deliberate capacity building, their long-term effectiveness
and scalability may be limited. The Resilience Thinking framework suggests that a lasting
transformation of the system requires not only the adoption of new practices but also
the consolidation of new domains of stability [25,27]; adoption driven exclusively by the
pressure of disturbances, without accompanying institutional and knowledge support,
may produce adaptive responses that remain within the bounds of the existing system,
rather than generating genuine transformative trajectories. Future research should examine
whether adoption driven by climate pressure, when not accompanied by institutional
support and knowledge transfer, produces sustained regenerative outcomes or constitutes
primarily short-term adaptive behavior in pastoral systems of the High Andes.

5.4. The Impact of Climate Change (IMP) and Livestock System Performance Deterioration (DES)

Hypothesis H4 is confirmed, with a direct effect of IMP on DES that is statistically
significant, albeit of small magnitude (β = 0.284; p = 0.041; f2 = 0.099). The mediated
pathways reveal more pronounced effects: IMP→ADOP→DES (β = 0.197; p = 0.019) and
IMP→RES→DES (β = 0.241; p = 0.004), while the complete chain IMP→RES→ADOP→DES
is not significant (β = 0.018; p = 0.645). These results indicate that climate impacts on yield
decline are transmitted primarily through the activation of reactive responses, resilience,
and adaptation, rather than through a direct, unmediated pathway. From the perspective
of the Resilience Thinking framework, this pattern is consistent with the proposition that
systems exposed to disturbances reorganize their processes before experiencing conse-
quences at the outcome level [25,27]; the adaptive responses triggered by the IMP, both
RES and ADOP, mediate the decline effect but do not neutralize it, suggesting that the
system is operating within the absorption and adaptation phases of the resilience cycle
without reaching the reorganization phase that would restore performance levels [43]. This
finding contributes to current understanding by demonstrating that performance decline
in South America high-Andean camelid agroecosystems is not a simple linear consequence
of climate exposure, but rather a structurally mediated process in which the quality and
effectiveness of adaptive responses determine the magnitude of productive and economic
losses. Future research could incorporate objective biophysical indicators, soil carbon
content, grass cover, water infiltration rates, as outcome variables, along with perceptual
measures of adoption, which would allow for a direct assessment of whether adaptive and
regenerative responses translate into quantifiable ecological and productive recovery.
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5.5. Adaptive Capacity and Resilience (RES) and Livestock System Performance
Deterioration (DES)

The direct effect of RES on DES is positive, significant, and of moderate magnitude
(β = 0.335; p = 0.003; f2 = 0.170), supporting Hypothesis H5. Although it may seem
contradictory, greater resilience is associated with greater performance decline, reflecting
the reactive nature of resilience in this context: the production units experiencing the
greatest decline are precisely those that are most compelled to activate adaptive responses.
Within the Resilience Thinking framework, this result can be interpreted as evidence that the
system is trapped in the adaptive phase of the resilience cycle, continuously responding to
disturbances without accumulating the transformative capacity necessary to establish new,
more stable system configurations [25,27]. Under these conditions, resilience functions
as a survival mechanism that maintains the system’s continuity without reversing the
underlying decline in performance [10,14,52].

This finding challenges the assumption implicit in much of the literature on resilience,
that greater adaptive capacity correlates with better system outcomes [19,29], and offers a
more nuanced understanding of resilience in structurally vulnerable contexts: resilience
activated under conditions of extreme poverty and institutional weakness may preserve
the system at the cost of perpetuating its vulnerability, constituting what could be theorized
as a “resilience trap” [39,40], a condition in which adaptive responses stabilize a degraded
state of the system rather than enabling its transformation. Future research could examine
whether interventions that transform resilience from reactive to anticipatory, through early
warning systems, participatory risk mapping, and institutional capacity building, alter the
direction and magnitude of the RES→DES relationship in comparable pastoral systems in
the high Andes, and whether the concept of the “resilience trap” holds empirical validity
across diverse socio-ecological contexts in the Global South.

5.6. Regenerative Livestock Farming Adoption (ADOP) and Livestock System Performance
Deterioration (DES)

Hypothesis H6 is confirmed, with a positive, significant, and moderately strong effect
of ADOP on DES (β = 0.327; p = 0.002; f2 = 0.189). DES, as a second-order construct, is
primarily determined by its dimensions of productive and economic performance, while
the operational-commercial dimension does not contribute significantly, which is consis-
tent with the subsistence-oriented management of camelid agroecosystems in the High
Andes [48]. The positive direction of this relationship indicates that producers who adopt
regenerative strategies coexist with higher levels of performance deterioration, reflecting a
dynamic of reactive adoption in precarious environments, where regenerative practices are
implemented as emergency responses to climate-induced losses rather than as proactive
investments in agroecosystem functionality. This reading, however, is not the only one the
cross-sectional design can support: reverse causality cannot be ruled out, since producers
experiencing more pronounced deterioration may be more likely to adopt regenerative prac-
tices in response rather than adoption driving further decline, and omitted-variable bias,
such as unobserved farm-level exposure to extreme weather events, could independently
drive both higher adoption and greater deterioration. Reactive-adoption interpretation is
offered as the most theoretically consistent reading within the Resilience Thinking frame-
work, but it is treated as one plausible explanation among others that only longitudinal or
instrumental-variable designs could adjudicate.

From the perspective of the Resilience Thinking framework, this result suggests
that regenerative adoption, as it is currently occurring in the Puno region, has not yet
generated a new stable state for the livestock system [25,27,53]: the practices are being
adopted within the context of a deteriorating system, without the institutional, financial,
and knowledge-based conditions that would allow them to reconfigure the system’s tra-
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jectories toward better ecological and productive outcomes. This finding expands the
empirical base on regenerative livestock farming in the Global South by demonstrating that
adoption under conditions of extreme poverty, low mechanization, prices below operating
costs, and limited investment capacity does not automatically translate into a recovery in
performance [6,14,34].

This pattern of reactive, non-consolidated adoption is consistent with concerns raised
in the broader Latin American literature on regenerative livestock transitions, where the
superficial appropriation of regenerative terminology without standardized, outcome-
based verification has been identified as a risk that can undermine genuine ecological
transformation [17]. In the High Andes, as in other South American pastoral contexts, the
absence of official certification systems or measurable ecological indicators may make it
difficult to distinguish between adoption driven by the development of institutional and
financial capacities and adoption that is limited to the mere appropriation of terminology
or an emergency response to climate pressure.

Future research should assess the economic thresholds and enabling policy conditions
under which the adoption of regenerative practices in comparable vulnerable contexts
yields quantifiable improvements in productive and economic performance, examining
whether the ADOP→DES relationship changes direction in favorable institutional envi-
ronments and whether the transformability domain of the Resilience Thinking framework
becomes accessible when structural barriers are systematically reduced.

5.7. Implications for Food Security

The results of this study have direct implications for the food security of livestock-
raising communities in the High Andes. The deterioration in the performance of the
livestock system, 68.2% of which is explained by the model, manifests itself simultaneously
in three interdependent dimensions: the productive dimension, which affects the quantity
and quality of available fiber and meat; the economic dimension, which reduces the income
and reinvestment capacity of producers living in extreme poverty; and the operational-
commercial dimension, which compromises market access and the continuity of the South
American camelid value chain. Taken together, these dimensions create a scenario of
structural vulnerability in terms of food security, in which climate change acts as an
amplifying perturbation, consistent with the characterization provided by the Resilience
Thinking framework of aggravated socio-ecological vulnerabilities in pastoral systems
subjected to climate stress [25,27].

In this context, the adoption of regenerative livestock farming, identified as a direct
response to climate pressure (β = 0.538; p < 0.001) represents a potential pathway to stabiliz-
ing the productive base that underpins local food security. Its core components, particularly
soil management, pasture diversification, and water management, are aimed at restoring
the agroecosystem’s capacity to provide food continuously and sustainably, reducing de-
pendence on external inputs and strengthening communities’ productive self-sufficiency.
However, the positive association between ADOP and yield decline (β = 0.282; p = 0.002)
indicates that regenerative adoption, under current system conditions, is insufficient on
its own to reverse food insecurity: it functions more as an emergency response than as a
consolidated transformation, in line with the adaptive, rather than transformative. phase
of the Resilience Thinking framework.

These findings are aligned with worldwide calls to develop resilient food systems
that integrate agroecological practices, institutional support, and access to resources as
necessary conditions for the regenerative transition to effectively translate into sustained
food security. The FAO Climate Change Strategy 2022–2031 explicitly recognizes the
protection of food security as a key priority of the Paris Agreement and identifies the

https://doi.org/10.3390/su18178822



Sustainability 2026, 18, 8822 21 of 26

resilience of agroecosystems as a fundamental pathway to transformative climate adapta-
tion, emphasizing that livestock producers and vulnerable rural communities must play
a central role in the design and implementation of climate action [10]. The findings of
this study provide empirical evidence from the field that puts this policy call into practice:
camelid producers in the High Andes are already adopting regenerative practices as a
direct response to climate stress; however, current policy frameworks still fail to address the
structural barriers, financial, technological, and institutional, that prevent such adoption
from translating into a recovery in productivity and progress toward food security. Without
specific interventions to reduce these barriers and strengthen the conditions conducive to a
regenerative transition, the potential of regenerative livestock farming to contribute to food
security in contexts of extreme poverty will remain underutilized, which contradicts the
transformative adaptation agenda called for by international frameworks [3,10].

Operationalizing this agenda does not require new institutional architecture: in Peru,
the Ministry of Agricultural Development and Irrigation (MIDAGRI), through its executing
units AGRO RURAL and the National Institute for Agricultural Innovation (INIA), together
with regional government programs and CONCYTEC-PROCIENCIA funding schemes such
as the one supporting this research, already constitute channels through which technical
assistance, extension services, and financing for regenerative practices could be scaled up in
the Puno region. Policy design should explicitly account for the socioeconomic constraints
documented in this study, extreme poverty, limited access to credit, and fragmented
value chains, so that regenerative adoption is supported as an institutionally accompanied
transition rather than left as an unaccompanied, reactive response to climate stress.

It should be noted that the survey instrument did not include items quantitatively
measuring producers’ prior or current participation in MIDAGRI, AGRO RURAL, INIA,
or CONCYTEC-PROCIENCIA programs. The identification of these institutional chan-
nels is informed by the direct field knowledge of the research team, which included co-
investigators affiliated with the National Institute for Agricultural Innovation (INIA) and
with institutions linked to the Ministry of Foreign Trade and Tourism (MINCETUR), both
of which are directly engaged in primary livestock production activities and in the artisanal
(textile) activity of South American camelid producers in the Puno region. Accordingly, the
policy recommendations offered here rest on a triangulation between the structural barriers
statistically identified in this study and the institutional field knowledge contributed by
the research team’s composition, rather than on a formally measured survey variable of
program participation. Future research incorporating explicit measures of institutional pro-
gram participation would allow these recommendations to be validated with quantitative
producer-level evidence.

5.8. Limitations and Directions for Future Research

Several limitations should be considered when interpreting the results of this study.
First, the cross-sectional design captures the perceptions of livestock producers at a single
point in time, which makes it impossible to establish causal inference and limits the
assessment of temporal dynamics in the activation of resilience, the adoption of regenerative
practices, and the decline in yield. Longitudinal designs would allow us to examine whether
adaptive resilience evolves into transformative resilience, as conceptualized within the
Resilience Thinking framework, across successive climate events, and whether the adoption
of regenerative practices generates cumulative ecological and productive benefits over time.

Second, the non-probabilistic intentional and convenience sampling strategy among
ninety-one producers in the Puno region limits the generalizability of the results to other
camelid-producing regions and other small-scale pastoral systems in the Global South,
although it does not compromise the internal validity of the structural model. This con-
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straint is compounded by the ratio between the number of formative indicators, several
dozen across the IMP, ADOP, and DES composites, and the ninety-one valid cases analyzed.
Although the sample satisfies the ten-times rule applied to the largest number of structural
paths pointing to a single construct [47], indicator-level weight estimates in formative
blocks with many indicators are more sensitive to sampling variability than the structural
path coefficients themselves.

To respond directly to the concern that weight estimation may be extremely unstable
at this sample size, an additional bootstrapping run with 10,000 subsamples was executed
on the same adjusted model and compared against the 5000-subsample run reported
throughout this article (Table 10). All six structural paths yield the same significance
decision under both subsample sizes, with a maximum absolute change in the t-statistic of
0.18, providing direct empirical evidence against severe estimation instability at n = 91 for
the structural model.

Table 10. Bootstrap robustness check: structural path significance at 5000 vs. 10,000 subsamples.

Path t (5000) p (5000) t (10,000) p (10,000)

IMP → RES 13.061 <0.001 12.882 <0.001
RES → ADOP 0.498 0.619 0.502 0.616
IMP → ADOP 4.48 <0.001 4.522 <0.001
IMP → DES 2.046 0.041 2.041 0.041
RES → DES 3.023 0.003 3.035 0.002
ADOP → DES 3.125 0.002 3.079 0.002

Third, the adoption of regenerative practices is measured through producers’ self-
assessment, without biophysical measurement of ecological outcomes, such as soil organic
carbon content, pasture cover, or water infiltration rates. This applies equally to the RES and
DES constructs, which rely exclusively on self-reported Likert-scale perceptions without
triangulation against objective field indicators, such as household income, pasture cover,
or herd records. Future studies should integrate biophysical indicators of agroecosystem
functionality alongside perception-based measures of adoption, which would allow for
a direct assessment of whether regenerative practices produce quantifiable ecological
restoration under High Andes conditions and whether the transformability domain of the
Resilience Thinking framework becomes empirically observable at the agroecosystem level.

Fourth, the lack of statistical significance for H2 highlights a structural disconnect
between adaptive capacity and the regenerative transition, which warrants more in-depth
qualitative and participatory research. Research designs that incorporate indigenous
knowledge systems and community-based participatory models could shed light on the
cultural, institutional, and cognitive mechanisms through which adaptive resilience may,
or may not, translate into the adoption of regenerative practices in pastoral communities
and could contribute to the theoretical development of the Resilience Thinking framework
in Global South contexts.

A related limitation concerns discriminant and convergent validity assessment for the
formative composites. Because IMP, ADOP, and DES are specified as formative (Mode B)
composites, standard discriminant validity criteria, including the Fornell–Larcker criterion
and the HTMT ratio, presuppose reflective indicators and their application to formatively
measured constructs is problematic, since neither the monotrait–heteromethod nor the
heterotrait–heteromethod correlations of formative indicators are informative of discrim-
inant validity [54]; these criteria are therefore applicable only to RES, the model’s single
reflective construct (HTMT for RES = 0.802, within the conservative 0.85 threshold recom-
mended for conceptually distinct constructs [54]). For formative composites, convergent
validity is instead assessed through redundancy analysis against an independent global
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single-item measure, ideally correlating at 0.70 or higher, which requires this measure to
have been incorporated into the research design at the data-collection stage [47]. Because
this single-item criterion was not included in the original survey instrument, redundancy
analysis could not be performed retrospectively. This is now stated explicitly as a method-
ological limitation.

Fifth, the psychometric refinement of the RES reflective construct yielded a three-
item scale weighted toward behavioral and community-level adaptive capacity, while
excluding items addressing individual access to information, technology, and technical
assistance. This outcome is consistent with, rather than independent of, the structural
living conditions of high-Andean camelid producers, who predominantly face poverty or
extreme poverty and lack access to basic services including electricity, potable water, and
internet connectivity; the near-uniform absence of such access across the sample limits the
discriminative capacity of items intended to measure it. This measurement choice narrows
the conceptual breadth of RES as operationalized here relative to the fuller construct
described in the theoretical background and underscores that individual-level material
and informational capacity remains, in this context, more a structural constraint than a
variable dimension of producer heterogeneity. Future studies conducted in less structurally
homogeneous populations, or employing objective indicators of infrastructure access, could
re-examine whether this dimension of adaptive capacity behaves as a measurable construct
under different conditions.

Finally, future research could expand the structural model by incorporating variables
such as governance, access to public programs, membership in cooperatives, market
certification systems and explicit indicators of food security outcomes as endogenous
constructs, analyzing the conditions under which the IMP→ADOP pathway generates
sustainable outcomes in terms of production, ecology, and food security at the landscape
scale across diverse agroecological contexts in the High Andes.

Future research should also model food security indicators explicitly as endogenous
outcome variables within such structural frameworks, assessing the extent to which
the adoption of regenerative practices mediates the relationship between climate im-
pacts and household-level food availability across diverse agroecological contexts in the
Andean region.

6. Conclusions
This study proposed and empirically validated an explanatory model grounded in

the Resilience Thinking framework, demonstrating that perceived climate change impacts
(IMP) are the primary antecedent of both adaptive resilience (RES; β = 0.718) and the
adoption of regenerative livestock farming (ADOP; β = 0.538) among South American
camelid producers in the Puno region, Peru. The model explained 51.6% of the variance in
RES, 43.5% in ADOP, and 68.2% in DES, indicating strong explanatory power, particularly
for performance deterioration.

The non-significant path between RES and ADOP (β = 0.075; p = 0.619) constitutes the
study’s central theoretical contribution: adaptive resilience, on its own, does not translate
into a regenerative transition in this high-Andean context, revealing institutional, techno-
logical, and knowledge-related barriers that decouple adaptive capacity from ecological
transformation. Furthermore, both RES and ADOP were positively associated with perfor-
mance deterioration (DES), consistent with a “resilience trap” dynamic in which adaptive
activation reflects reactive containment rather than consolidated ecosystem restoration.

These findings indicate that regenerative livestock farming, as currently practiced
in the Puno region, functions as an emergency response to climate pressure rather than
as a proactive, institutionally supported transformation strategy. Effective regenerative

https://doi.org/10.3390/su18178822



Sustainability 2026, 18, 8822 24 of 26

transitions in vulnerable camelid agroecosystems therefore require integrated, participatory
approaches that combine technical assistance, financial support, and the incorporation of
traditional and indigenous knowledge, aligned with policies capable of converting adaptive
resilience into transformative, ecologically restorative practices that strengthen long-term
productive sustainability and food security in high-Andean livestock-raising communities.
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