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Abstract

Shifting climatic conditions challenge simplified, yield-oriented agriculture, particularly
in fragile mountain regions. In the Ecuadorian Andes, agriculture functions as a socio-
ecological system shaped by biocultural relationships integrating production, agrobiodiver-
sity, and farmer decision-making. This study examines how climate variability interacts
with crop phenology and management practices within ancestral associated cropping sys-
tems (chakras). The analysis focuses on maize, common bean, faba bean, and potato during
the 2024-2025 agricultural cycle in Imantag, Ecuador. A total of 30 native, introduced,
and improved varieties were sown in traditional rows (wachos) and monitored within a
single 420.8 m? Andean chakra. Using multiple ordinary least squares (OLS) regression
(n = 30; R = 0.440, adj. R%Z =0.351, F (4,25) = 4.914, p = 0.005), results show that maize
significantly outperformed the faba bean reference group (3 = 20.34, p = 0.017), while com-
mon bean showed intermediate performance (3 = 15.31, p = 0.048). Seed mass at planting
was positively associated with relative yield ( = 6.71, p = 0.069), highlighting early-stage
management decisions. Elevated maximum temperatures during maturation negatively
affected yield (r = —0.42, p = 0.020), while accumulated precipitation had a positive effect
(r =+0.45, p = 0.014). Model quality criteria, including VIF diagnostics (max. VIF = 3.37),
Shapiro-Wilk residual normality test (W = 0.983, p = 0.896), and cross-validation using
Ridge and Lasso regression, confirm the robustness of the statistical findings. These find-
ings demonstrate that chakras function as adaptive socioecological systems that enhance
productivity, agrobiodiversity conservation, and resilience under climate variability.

Keywords: human-—nature relationships; socio-ecological systems; Andean chakras;
associated cropping systems; agrobiodiversity conservation; climate variability; phenological
windows; sustainable agriculture; OLS regression; model quality criteria

1. Introduction

Climate variability and the increasing frequency of extreme events are exposing
the ecological and social limitations of dominant agricultural paradigms grounded in
simplification, monoculture, and yield maximization through synthetic inputs [1-3]. While
these approaches have increased productivity under relatively stable climatic conditions,
they have also accelerated biodiversity loss, degraded ecosystem services, and heightened
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vulnerability to climatic shocks, particularly in environmentally fragile and mountainous
agroecosystems [4-7].

In the Andean region, these vulnerabilities are especially pronounced due to steep
environmental gradients and deeply rooted biocultural relationships linking land, crops,
and farming communities. Agricultural systems in these contexts operate as coupled
human-environment systems, where ecological processes and cultural practices co-evolve
under conditions of environmental variability [8,9].

In response to these challenges, sustainability science increasingly advocates for a
paradigm shift that reimagines agriculture as a socio-ecological system, in which food pro-
duction, biodiversity, and human practices are inseparable and co-evolve through dynamic
feedback [10-13]. From this perspective, resilience is not conceived as a purely technical
outcome of control and optimization, but rather as a relational property emerging from in-
teractions between ecological processes and human decision-making [14-16]. Resilience is
increasingly understood as a multidimensional concept encompassing absorptive, adaptive,
and transformative capacities across scales [17,18].

Agroecological research provides growing evidence that diversified, farmer-managed
systems can enhance yield stability, strengthen ecosystem services, and sustain rural liveli-
hoods under conditions of climate variability [19-23]. These findings challenge conven-
tional yield-centered definitions of agricultural efficiency by emphasizing functional diver-
sity, local knowledge, and adaptive management. Meta-analytical evidence indicates that
diversification enhances ecosystem services such as nutrient cycling, pest regulation, and
system stability without necessarily compromising productivity [24,25].

In the Andean region, ancestral intercropping systems known as chakras exemplify
this socioecological approach. Chakras are living agricultural spaces in which the simul-
taneous cultivation of multiple species sustains household food security and cultural
identity through the accumulation of ecological knowledge [26,27]. Their management
integrates traditional practices including seed selection, reciprocal stewardship of the land
(Pachamama), and vertical use of the landscape—practices that have coevolved with An-
dean environments across generations [26-28]. The active in situ conservation of native
and locally adapted genetic diversity within chakras maintains evolutionary processes
and phenological diversity as key components of long-term resilience [28-30]. Previous
studies highlight their role in food sovereignty, cultural resilience, and the maintenance of
biocultural landscapes in indigenous territories [29-32].

In light of the above, chakras are characterized by four key traits: (1) simultaneous
polyculture within a single plot, which promotes functional complementarity and reduces
risk across different phenological stages; (2) management practices grounded in cultural
and ecological knowledge, including traditional agricultural calendars and the principle of
reciprocity with Pachamama; (3) in situ conservation of native genetic diversity, sustaining
agroecosystem resilience; and (4) the formal recognition of chakra systems by the Food
and Agriculture Organization of the United Nations (FAO) within the Globally Important
Agricultural Heritage Systems (GIAHS), including the site “Biodiversity of the Ecuadorian
Andes” in Imbabura Province [33].

This study addresses this gap by focusing on Imantag, located in Imbabura Province
in northern Ecuador, within the peri-urban influence of the city of Cotacachi. This context
reflects ongoing socio-ecological transitions, in which traditional agricultural systems
coexist with increasing urban pressures. Beyond their productive function, associated
cropping systems in peri-urban Andean regions can contribute to urban climate resilience
and the strengthening of green infrastructure. However, these systems are also increasingly
threatened by land-use change, urban expansion, and the erosion of intergenerational
transmission of traditional knowledge.
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Despite the growing recognition of chakra systems and the formal designation of
Imbabura as a GIAHS site, empirical evidence remains limited regarding the specific
interactions among climate variability, crop phenology, and farmer decision-making within
these systems under current climatic conditions—a critical gap in the literature that this
study directly addresses.

Aligned with the objectives of the Special Issue “Paradigm Shifts: Reimagining
Human-Nature Relationships for the Sustainable Conservation of Biodiversity”, this
study analyzes the interactions among climate variability, crop phenology, and farmer
decision-making within an Andean-associated cropping system in Imantag, Ecuador.
Specifically, the study addresses three research questions: (1) How does climate variability,
expressed through temperature and precipitation patterns, interact with crop phenological
dynamics to shape relative yield within the chakra system? (2) To what extent do farmer
decisions—particularly seed mass at planting and varietal selection—influence productive
outcomes across crops and varieties? (3) How does agrobiodiversity, expressed through
varietal diversity and phenological asynchrony, buffer climate-related risks at the system
agroecological level? By addressing these questions empirically, this study contributes
novel evidence to ongoing global debates on sustainability, agrobiodiversity conservation,
and agricultural transformation.

2. Theoretical Framework
2.1. Paradigm Shifts and Socio-Ecological Systems

The concept of socio-ecological systems provides a robust framework for under-
standing the coupled dynamics between human societies and ecological processes [8,9].
Within this perspective, sustainability emerges from interactions among ecological pro-
cesses, human decision-making, and institutional structures rather than from isolated
variables [10,31].

In the Anthropocene context, resilience is increasingly conceptualized as adaptive
capacity in the face of variability and uncertainty [12], as well as the ability of systems to
reorganize and transform through feedback processes [13,14]. Agriculture constitutes a
paradigmatic socio-ecological system because productive outcomes are shaped by climatic
variability, ecological processes such as crop phenology, and farmer decision-making
grounded in local knowledge [21,22].

Crop diversification represents a practical application of socio-ecological principles.
By combining species and varieties, diversified systems distribute climatic risk, enhance
functional complementarity, and increase system stability [33,34]. Empirical evidence
suggests that diversification improves yield stability and ecosystem services, although
effects remain context-dependent [7,24,31]. These systems function as ecological risk
management strategies, particularly in small-scale agriculture [35].

2.2. Associated Cropping Systems, Diversification, and Resilience

Associated cropping systems represent applied socio-ecological principles in agri-
culture. By combining multiple crop species and varieties, they distribute climatic risk,
enhance functional complementarity, and contribute to system stability [9,10].

Crop diversification reduces synchronized crop failure across species and phenological
stages [11]. Empirical evidence shows generally positive, though context-dependent, effects
on yield stability and ecosystem services [7,12,13]. Diversification thus functions as a
strategy of ecological risk management, particularly in small-scale systems where stability
depends on functional diversity and redundancy [10,14].
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2.3. Agrobiodiversity and Human—Nature Relationships in the Andes

Agrobiodiversity is increasingly recognized as a cornerstone of food system resilience
and climate change adaptation, particularly within small-scale and traditional agricultural
systems [27,36-38]. The accelerated genetic erosion of crops poses a significant threat to
adaptive capacity, dietary diversity, and long-term food security, underscoring the critical
importance of in situ conservation within farmer-managed systems. On-farm conserva-
tion maintains evolutionary processes, local adaptation, and phenological diversity—key
components of resilience under conditions of climatic uncertainty [25,28,39].

In the Andean region, agriculture is deeply embedded in biocultural relationships
that link ecological processes with culturally mediated practices [27]. Within this context,
chakras can be understood as living agroecosystems in which food production, agrobiodi-
versity conservation, and cultural continuity are co-produced through dynamic human-
nature interactions. The Food and Agriculture Organization of the United Nations (FAO)
characterizes these systems as integrated socio-ecological frameworks that sustain both
biodiversity and local livelihoods over time. As such, Andean-associated cropping sys-
tems provide a particularly relevant empirical lens for examining sustainability transitions
grounded in reconfigured human-nature relationships.

3. Materials and Methods
3.1. Methodological Approach

This study was conducted using a socio-ecological analytical framework integrating cli-
matic variability, crop phenology, and farmer decision-making within an Andean-associated
cropping system (chakra). This approach allows productive outcomes to be interpreted
as emerging from interactions between environmental conditions and local agricultural
practices rather than as linear responses to isolated factors.

3.2. Study Area and Socio-Ecological Context

The research was conducted in San Luis de la Carboneria, Imantag, Imbabura Province,
Ecuador, an Andean region characterized by traditional agricultural systems, high agrobio-
diversity, and long-standing relationships between farming communities and their natural
environment. Imantag is located at approximately 2400 m a.s.l. within the peri-urban area
of the city of Cotacachi, in a zone exposed to increasing urbanization pressures.

The associated cropping systems known as chakras in this territory are formally
recognized as part of the Globally Important Agricultural Heritage Systems (GIAHS). See
Figure 1.

3.3. Associated Cropping System and Crop Composition

The study was conducted within an Andean-associated cropping system composed of
maize (Zea mays L.), common bean (Phaseolus vulgaris L.), faba bean (Vicia faba L.), and potato
(Solanum tuberosum L.), cultivated simultaneously under traditional agricultural practices.

A total of 30 native, introduced, and improved varieties were established within a
single 420.8 m? (32 x 13.15 m) chakra plot. All varieties were sown on 8 October 2024
and arranged following a traditional associated planting structure in which different crops
coexist sequentially within the same rows (wachos). The composition of crop species,
varieties, genetic origin, and productive variables is presented in Table 1. This spatial
configuration reflects the structure of the chakra system and an active process of in situ
agrobiodiversity conservation. See Figure 2.
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Table 1. Crop species, varieties, genetic origin, and productive performance in the Andean-associated

cropping system (chakra), 2024-2025 cycle, Imantag, Ecuador.

Variety Crop Genetic Emerged Seed Expected Harvested Relative
Origin Plants Mass (Ibs) Yield (Ibs) Yield (Ibs)  Yield (%)
Rojo Maize Native 12 3.0 12 3 25.00
Misho rosado Maize Native 12 3.0 10 2 20.00
Mizhca Maize Improved 12 3.0 13 3 23.08
Blanco blandito Maize Improved 12 3.0 15 3 20.00
Negro chico Maize Native 12 3.0 12 4 33.33
Huandango Maize Native 12 2.0 13 3 23.08
Maiz leche Maize Improved 12 2.0 13 2 15.38
Misho crema Maize Native 12 2.0 13 2 15.38
Negro rojizo Maize Native 12 2.0 12 4 33.33
Racimo de uva Maize Native 12 2.0 10 4 40.00
Rojo tomate Maize Native 12 2.0 12 4 33.33
Yana vaca poroto  Common bean Native 12 1.0 4 0 0.00
Negro largo Common bean Native 12 2.0 5 0 0.00
Paco bolon Common bean Native 12 2.0 8 3 37.50
Yana poroto Common bean Native 12 1.0 5 0 0.00
Sucu vaca poroto Common bean Native 12 3.0 7 0 0.00
Percal rayado Common bean  Introduced 12 2.0 7 2 28.57
Popaydn morado  Common bean Native 12 1.0 6 1 16.67
Centenario Common bean  Introduced 12 3.0 8 3 37.50
Fréjol blanco Common bean Native 12 2.0 8 2 25.00
Canario Common bean Native 12 2.0 6 2 33.33
Puka poroto Common bean Native 12 2.0 7 1 14.29
Matambre negro  Common bean  Introduced 12 1.0 6 0 0.00
Bola puka poroto  Common bean Native 12 3.0 7 2 28.57
Haba verde Faba bean Native 12 2.0 7 0 0.00
pequefia
Haba roja Faba bean Native 12 15 8 0 0.00
Haba gigante Faba bean Introduced 12 1.5 7 0 0.00
Papa roja Potato Introduced 9 3.0 21 0 0.00
Papa chaucha Potato Native 9 4.0 25 4 16.00
Papa vinica Potato Native 9 3.0 18 0 0.00

Note: Relative yield (%) = (harvested yield /expected yield) x 100. Each planting unit (surco/wacho): 12 maize
plants, 12 common bean plants, 12 faba bean plants, 9 potato plants. Planting date: 8 October 2024. Genetic origin—
Native: traditional varieties conserved by local farmers; Introduced: varieties from other regions; Improved:
varieties developed through formal breeding programs.

3.4. Experimental Design and Monitoring Units

This study employed an observational participatory design conducted within a single
420.8 m? chakra plot. Crops were established following a repeating associated planting
structure (surco or wacho), where maize, common bean, faba bean, and potato were ar-
ranged sequentially within each row. Each planting unit (surco) consisted of 12 maize
plants, 12 common bean plants, 12 faba bean plants, and 9 potato plants. This struc-
tural configuration was repeated throughout the entire plot under traditional Andean
planting conditions.

Based on this arrangement, a total of 1440 plants were established across the system.
All plants were monitored throughout the agricultural cycle, and the dataset therefore
represents a full-system observational analysis rather than a subsample. All varieties
were managed using traditional Andean agricultural practices by local farmers, without
synthetic fertilizers, herbicides, or supplemental irrigation beyond rainfall. Management
decisions—including spatial arrangement, planting density, and seed selection—were
based on local ecological knowledge.
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Figure 1. Location of the study area in San Luis de la Carboneria, Imantag,.
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Figure 2. Traditional Andean-associated cropping systems (chakra).

3.5. Phenological Monitoring and Windows
Crop development was monitored throughout the 2024-2025 agricultural cycle.
Four key phenological stages were identified: emergence, vegetative growth, flowering,

and maturation.
Phenological stages were determined through weekly field observations following

BBCH scale criteria adapted for each crop species.
Based on these observations, phenological windows were defined for each variety,

allowing alignment between crop development stages and climatic conditions. See Figure 3.
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Figure 3. Phenological windows are used to align crop developmental stages with climate variability
in the associated cropping systems.

3.6. Climatic Variables and Data Sources

Daily climatic data, including maximum temperature (°C) and total precipitation
(mm), were obtained from the Imantag automatic meteorological station operated by the
Instituto Nacional de Meteorologia e Hidrologia del Ecuador (INAMHI). Data quality
control included outlier detection (values exceeding +3 standard deviations from monthly
means) and linear interpolation for gaps of up to three consecutive days. Maximum
temperature and precipitation were selected as primary climatic variables due to their
established relevance for crop performance in mountain agroecosystems. These variables
are widely recognized as key drivers of crop phenology, growth, and productivity under
climate variability and climate change scenarios [34-36]. Minimum and mean temperature
showed inter-group variation below 0.15 °C and were excluded to avoid redundancy.
Climatic variables were aligned with phenological windows to evaluate stage-specific
exposure. Management-related variables derived from farmer decision-making were also
included: specifically, seed mass at planting (Siembra_lbs). Summary climatic statistics and
multicollinearity diagnostics are presented in Table 1.

3.7. Yield Analysis and Statistical Model

System performance was evaluated using four indicators reflecting the biophysical
and human management dimensions of the socio-ecological system:

1.  Relative yield (%), calculated as (harvested yield/expected yield) x 100, capturing
productive performance relative to local agronomic expectations.

2. Seed mass at planting (Ibs), used as a proxy for the quality of farmer decision-making
during early crop establishment, reflecting accumulated local ecological knowledge.

3.  Plant survival rate during establishment, indicating early-stage system performance.

4.  Stage-specific climatic variables (maximum temperature and accumulated precipita-
tion per phenological window), allowing climate exposure to be interpreted in relation
to specific developmental stages.

Statistical analysis was conducted using multiple ordinary least squares (OLS) regres-
sion. The dependent variable was relative yield (%). Independent variables included seed
mass at planting (continuous) and crop species indicator variables (maize, common bean,
potato; reference category = faba bean). Expected yield at planting was not included as a
predictor because it forms part of the relative yield denominator, which would introduce
structural collinearity. The effects of climatic variables (maximum temperature and precipi-
tation) were evaluated using bivariate Pearson correlations across the full dataset, as these
variables showed perfect collinearity with crop group indicators due to shared planting
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dates. Collinearity among predictors was assessed using variance inflation factors (VIF
< 5). Residual normality was verified using the Shapiro-Wilk test (W = 0.983, p = 0.896),
confirming OLS assumption validity. Model performance was evaluated using R?, adjusted
R?, F-statistic, and RMSE. Statistical significance was defined at « = 0.05.

To address concerns regarding the empirical sufficiency of the statistical evidence:
Tables 2—4, respectively: (a) the full OLS regression results with 95% confidence intervals,
significance markers, and VIF diagnostics; (b) the complete Pearson correlation matrix for
all continuous variables with significance levels; and (c) a comprehensive model quality
criteria table with benchmarks and interpretation for each criterion. These additions ensure
full transparency and reproducibility of the statistical findings.

Table 2. OLS regression results: predictors of relative.

Variable B SE t p-Value 95% CI VIF

Intercept —11.19 8.83 —1.27 0.217 [—29.38, 7.01] —

Seed mass at planting (lbs) 6.71 3.53 1.90 0.069 t [—0.55, 13.98] 1.61
Maize (ref. = Faba bean) 20.34 7.94 2.56 0.017 * [3.99, 36.70] 3.37
Common bean (ref. = Faba bean) 15.31 7.37 2.08 0.048 * [0.13, 30.49] 3.07
Potato (ref. = Faba bean) —5.85 11.02 —0.53 0.600 [—28.56, 16.85] 2.52

Model fit: R? = 0.440; Adjusted R? = 0.351; F (4,25) = 4.914; p = 0.005; RMSE = 10.43%; N = 30 varieties. Shapiro-Wilk

normality test on residuals: W = 0.983, p = 0.896.

Note: § = unstandardized regression coefficient; SE = standard error; CI = 95% confidence interval; VIF = variance
inflation factor. Reference category = Faba bean. * p < 0.05; + p < 0.10 (marginal significance). Shapiro-Wilk test on
residuals: W = 0.983, p = 0.896 (normality confirmed). Cross-validation with Ridge (A = 0.1) and Lasso (A = 0.1)
regression confirmed coefficient stability (see Supplementary Tables S1-53).

Table 3. Pearson correlation matrix for continuous variables in the Andean-associated cropping system.

Variable Rel. Yield Seed Mass Max. Temp. Precip. Months
Relative yield (%) — 0.26 —0.42* 0.45* 041*
Seed mass at planting (lbs) 0.26 — 0.08 —0.12 0.09
Max. temperature—maturation (°C) —0.42* 0.08 — 0.31 —0.18
Accumulated precipitation (mm) 0.45* —-0.12 0.31 — 0.37
Months to harvest 0.41* 0.09 —0.18 0.37 —
Note: Values are Pearson r coefficients. * p < 0.05 (two-tailed). Variables: Rel. Yield = relative yield (%);
Seed Mass = seed mass at planting (lbs); Max. Temp. = maximum temperature during maturation (°C);
Precip. = accumulated precipitation over full cycle (mm); Months = total months to harvest.
Table 4. Model quality criteria for the OLS regression model.
Criterion Value Benchmark/Threshold Interpretation
>0. i — i
R (coefficient of >0 4Q acceptable in Acceptelble m(?del e>'<p1a1ns
determination) 0.440 socio-ecological 44% of variance in
etermmnation observational studies relative yield
Adjusted R? 0.351 >0.30 adjusted for small-n Accepta.ble—con.flrms model
parsimony with n = 30

Significant—overall model

F-statistic F (4,25) =4.914 p <0.05 statistically valid (» = 0.005)
Moderate error; appropriate
RMSE 10.43% Lower = better fit given high inter-variety

variability
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Table 4. Cont.
Criterion Value Benchmark/Threshold Interpretation
VIF (max) 3.37 (Maize) <5 (acceptable) No multicollinearity concern
p > 0.05 — normality OLS normality

Shapiro-Wilk (residuals)

W=0.983, p = 0.8% confirmed assumption satisfied

Ridge regression (A = 0.1)

Maize 3 =~ 19.8,
Bean 3 ~ 14.9

Results robust; OLS estimates

Stable under regularization not driven by collinearity

Lasso regression (A = 0.1)

. . . ] . i - ies effect
Maize, Bean retained; Consistent with OLS Confirms crop-species effects
Potato — 0 as genuine signal

Note: VIF = variance inflation factor; RMSE = root mean square error. Ridge and Lasso cross-validation results
are reported in Supplementary Tables S1-S3. Benchmarks for R? and adjusted R? follow conventions for small-n
observational socio-ecological studies.

4. Results
4.1. Yield Variability and Management Effects Within the Associated Cropping System

Relative yield exhibited substantial variability among crop varieties within the associ-
ated cropping system. Clear differences were observed among crop groups.
Each major farmer management decision was associated with distinct productive outcomes:

L. Seed mass selection: Seed mass at planting was positively associated with relative
yield in both the OLS regression model (3 = 6.71, SE = 3.53, p = 0.069) and the
bivariate correlation (r = +0.26, p = 0.165). Although the latter did not reach statistical
significance at « = 0.05, the direction of the relationship was consistent across analyses.
Maize varieties, which had a mean seed mass of 2.45 lbs, achieved a mean relative yield
of 25.6%, supporting the interpretation that seed mass selection—a practice grounded
in local ecological knowledge—was associated with better productive establishment.

II.  Varietal and species selection: Crop species indicator variables in the OLS model
showed that maize ( = 20.34, p = 0.017) and common bean ( = 15.31, p = 0.048)
significantly outperformed faba bean (reference category). Potato did not differ
significantly from faba bean (3 = —5.85, p = 0.600). Among maize varieties, Racimo de
uva achieved the highest relative yield (40.0%), followed by Negro chico, Negro rojizo,
and Rojo tomate (33.33%). Faba bean varieties (Haba verde pequefia, Haba roja, Haba
gigante) all recorded 0% relative yield. Among potato varieties, only Papa chaucha
produced a measurable yield (16.0%).

III.  Unified planting date (8 October 2024): The decision to plant all varieties simultane-
ously defined the shared climatic exposure window for the entire system, determining
which phenological stages coincided with periods of elevated maximum temperatures
and precipitation accumulation. See Table 1.

4.2. OLS Regression Results

The OLS model explained 44.0% of the variability in relative yield (R? = 0.440; adjusted
R? =0.351; F (4,25) = 4.914; p = 0.005; RMSE = 10.43%). Table 2 presents the full regression
results, including unstandardized coefficients, standard errors, t-values, p-values, 95%
confidence intervals, and variance inflation factors. See Table 2.

4.3. Pearson Correlation Matrix

Table 3 presents the complete Pearson correlation matrix for all continuous variables
included in the analysis. Significance levels are reported for each pairwise correlation.
Climatic variables showed contrasting relationships with relative yield: maximum temper-
ature during the maturation stage was negatively associated (r = —0.42, p = 0.020), while
accumulated precipitation over the full cycle was positively associated (r = +0.45, p = 0.014).
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Months to harvest also showed a significant positive correlation (r = +0.41, p = 0.023). See

Table 3.

4.4. Model Quality Criteria

To ensure full transparency regarding the empirical robustness of the statistical find-

ings, Table 4 presents a comprehensive summary of model quality criteria, including

benchmarks and interpretation for each indicator. All criteria confirm the validity and
adequacy of the OLS model for this observational study context.

4.5. Socio-Ecological Synthesis of Factors Influencing Relative Yield

A synthesis of the main factors associated with relative yield reveals the interaction of

climatic, biological, and human components within the associated cropping system. Table 5

organizes these factors across three analytical dimensions, specifying the direction of each

effect, the empirical evidence, and the proposed mechanism.

Table 5. Socio-ecological factors associated with relative yield.

Dimension Factor Effect Evidence Mechanism
Late thermal stress reduces
. Max. temperature . _ _ assimilate accumulation;
Climatic (maturation) Negative r=-042,p=0020 caused tuber rotting in Papa
roja and Papa tinica
Accumulated Greater water availability
Climatic precipitation (full Positive r=+0.45,p =0.014 supports productive
cycle) performance
N Months to harvest . B _ Longer cycles associated
Climatic (cycle length) Positive r=+041,p=0023 with higher projected yields
Distributes climatic
Biological Phenological Buffer . exposure over time;
asynchrony prevents synchronized crop
failure
Functional redundancy;
Biological Varietal diversity Buffer 1 = 30 varieties different cycle len'gths
(n=230) reduce systemic
vulnerability
Reflects local ecological
Seed mass at . _ _ knowledge; higher mass
Human planting Positive B =6.71p=0069 associated with better
establishment
Varietal and species . . Maize > Bean > Determmes phenologlcal
Human . Differentiator cycle, climatic exposure,
selection Potato > Faba bean . .
and productive expectation
Planting date (8 Defines shared climatic
Human October 2024) Contextual Unified planting exposure window for the

entire system

Note: Effect categories—Negative: associated with lower relative yield; Positive: associated with higher relative
yield; Buffer: associated with reduced climate risk at system level; Differentiator: associated with variation among
crop groups; Contextual: defines shared system conditions. Evidence values from OLS regression (f3) and Pearson
correlations (r).

4.6. Phenological Windows Across Varieties

Phenological stages varied markedly across crop groups and varieties, with total cycle
lengths ranging from 3.5 months (Papa chaucha) to 7.5 months (all maize varieties). Table 6
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summarizes the key developmental milestones for all 30 variety rows monitored during

the 20242025 cycle.

Table 6. Phenological stages of crop varieties.

Variety Crop Emergence Flowering Maturation  Seed Harvest  Total Cycle
Rojo Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Misho rosado Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Mizhca Maize 17 days 4.5 months 5.5 months 7.5 months 7.5 months
Blanco blandito Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Negro chico Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Huandango Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Maiz leche Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Misho crema Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Negro rojizo Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Racimo de uva Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Rojo tomate Maize 16 days 4 months 5.5 months 7.5 months 7.5 months
Yana vaca poroto C(,);:;Ilon 14 days 3 months 5 months 7 months 7 months
Negro largo CO;; :fglon 14 days 3 months 5 months 7 months 7 months
Paco bolén Cobnel :rllon 14 days 3 months 5 months 7 months 7 months
Yana poroto Cc;)rg;rrllon 14 days 3 months 5 months 7 months 7 months
Sucu vaca poroto Co};x; ;Iglon 14 days 3 months 5 months 7 months 7 months
Percal rayado CO};E :Illon 14 days 3 months 5 months 7 months 7 months
Popaydn morado Cc;)n;;ﬁon 14 days 3 months 5 months 7 months 7 months
Centenario Cobrre1 ;r:lon 14 days 3 months 5 months 7 months 7 months
Fréjol blanco C(ergon 14 days 3 months 5 months 7 months 7 months
Canario Coglel arlr:lon 14 days 3 months 5 months 7 months 7 months
Puka poroto Cobrz ;Irllon 14 days 3 months 5 months 7 months 7 months
Matambre negro chg;rrllon 15 days 3 months 5 months 7 months 7 months
Bola puka poroto Co};x; ;Iglon 14 days 3 months 5 months 7 months 7 months
H;Zluz;;zde Faba bean 17 days 3 months 5.5 months 7 months 7 months
Haba roja Faba bean 17 days 3 months 5.5 months 7 months 7 months
Haba gigante Faba bean 17 days 3 months 5.5 months 7 months 7 months
Papa roja Potato 21 days 3 months Rotted @ Rotted # —a
Papa chaucha Potato 11 days 1.5 months 3 months 3.5 months 3.5 months
Papa vinica Potato 16 days 3 months Rotted @ Rotted # —a

Note: Times measured from planting date (8 October 2024). Phenological stages determined through weekly field
observations following BBCH scale criteria adapted per crop species. # Papa roja and Papa tinica did not complete
maturation or harvest phases due to tuber rotting. Papa chaucha completed the shortest cycle (3.5 months).
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5. Discussion
5.1. Associated Cropping Systems as Socio-Ecological Responses to Climate Variability

The results indicate that the Andean-associated cropping system (chakra) studied
in Imantag functions as a socio-ecological response to climate variability rather than as a
purely biophysical production unit. Productive outcomes emerged from the interaction
between climatic exposure, phenological diversity, and farmer management decisions
grounded in local ecological knowledge, in agreement with socio-ecological systems the-
ory [10-12]. Similar patterns have been reported in smallholder systems, where productivity
is shaped by coupled ecological and management processes rather than by isolated climatic
drivers [37]. Empirical evidence further shows that such interaction-driven dynamics are
particularly relevant in diversified agroecosystems subject to climate variability [38,39].
Recent studies have further emphasized that resilience in these systems arises from multi-
level interactions between biodiversity, management flexibility, and climate exposure,
reinforcing the role of diversification as an adaptive strategy under increasing climatic
uncertainty [40,41].

The negative association between maximum temperature during the maturation phase
and relative yield (r = —0.42, p = 0.020) indicates that late-season thermal stress constrained
productivity across varieties. This finding is consistent with documented physiological
sensitivity of grain and tuber filling to elevated temperatures [42-45]. The most severe
outcome of combined thermal and moisture stress was the complete tuber rotting observed
in Papa roja and Papa vinica. These varieties produced no harvestable yield, likely because
the concurrence of high temperatures (Tmax = 24.38 °C) and accumulated precipitation
during maturation created favorable conditions for soil-borne pathogens causing tuber
decay. This result reveals variety-specific vulnerability under current climatic conditions at
this altitudinal range and underscores the critical role of phenological timing in mediating
climate exposure.

In contrast, the positive association between accumulated precipitation and relative
yield (r = +0.45, p = 0.014), together with the significant correlation between cycle length
and yield (r = +0.41, p = 0.023), indicates that adequate moisture availability and extended
growth durations supported productive performance, particularly in maize and bean
varieties. Phenological asynchrony across crop groups and varieties, with cycles ranging
from 3.5 months (papa chaucha) to 7.5 months (maize), distributed climatic risk temporally
and reduced the likelihood of synchronized failure. Despite complete agronomic failure in
faba bean and total loss in two potato varieties, maize and several bean varieties maintained
measurable yields, demonstrating the system-level insurance function of species and
varietal diversity [24,46,47].

Nutrient dynamics, especially complementarity between leguminous species (common
bean and faba bean) and cereals (maize), likely contribute to productivity in chakra systems.
These interspecific interactions can enhance nutrient availability and resource-use effi-
ciency, supporting system-level performance beyond individual crop metrics [21,25,35,36].
However, this dimension was not directly assessed in the present study and should be
prioritized in future research, particularly given the sensitivity of nitrogen cycling to both
management practices and climatic variability.

5.2. Farmer Decision-Making, Local Knowledge, and Human—Nature Co-Adaptation

The positive association of seed mass at planting with relative yield (3 = 6.71, SE = 3.53,
p = 0.069) underscores the central role of farmer decision-making as an ecological driver
within the chakra system. This effect was consistent in direction across crop groups when
controlling for species (OLS model), though the bivariate correlation was not significant
(r =+0.26, p = 0.165), likely because between-species variance masks within-species relation-
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ships. The result, therefore, suggests that seed mass selection is a meaningful management
variable at the within-species level, and that its effect should be interpreted as a tendency
rather than a statistically robust finding at the full-sample level.

In chakras, planting decisions reflect locally accumulated ecological knowledge de-
rived from long-term engagement with soils, climate, and crop behavior [26,27]. This aligns
with evidence that smallholder management decisions are central to mediating climate
exposure and system response, particularly in diversified agroecosystems where outcomes
depend on the integration of knowledge, variability, and management flexibility [48,49].

Farmer decisions regarding seed mass and varietal selection can be understood as risk
management strategies in uncertain environments, analogous to how individuals in other
high-risk contexts weigh potential gains against exposure to hazards [9,11,24]. In the chakra
context, selecting higher-mass seeds reflects a trade-off between resource investment and
expected yield, mediated by accumulated local knowledge of variety-specific performance.

The role of local knowledge in shaping adaptive responses is well documented in
Ecuadorian contexts, where community-based information networks influence risk per-
ception and behavior [33]. However, the present study did not directly capture farmers’
perceptions of climate risk, nor did it formally document traditional management protocols
such as lunar agricultural calendars or specific seed selection criteria through interviews or
ethnographic methods. This represents a significant limitation: the quantitative indicators
used (seed mass, plant counts) capture only partial dimensions of farmer agency and
do not fully reflect the biocultural depth of decision-making in chakra systems. Future
mixed-methods research is strongly recommended.

The heterogeneous performance within common bean—with some varieties reaching
37.5% and others recording 0%—suggests that intraspecific varietal diversity is a key source
of risk buffering within this crop group. The complete agronomic failure of all three faba
bean varieties, despite their inclusion in the traditional chakra arrangement, raises questions
about whether historically adapted varieties are maintaining their adaptive advantage
under current climatic conditions, warranting targeted monitoring in future cycles.

5.3. Agrobiodiversity Conservation and Paradigm Shift

Beyond productivity indicators, the coexistence of native, introduced, and improved
varieties within the single integrated chakra plot constitutes a dynamic form of in situ
agrobiodiversity conservation. The 30 varieties documented in Table 1 demonstrate the
simultaneous pursuit of productive and conservation objectives within a single 420.8 m?
agricultural unit [28,39].

The long-term sustainability of this integration depends on effective local governance
structures that support agrobiodiversity conservation, community seed networks, and the
intergenerational transmission of traditional ecological knowledge. Many agrobiodiversity-
rich regions—including peri-urban Andean zones under urbanization pressure, such as
Imantag, within the peri-urban area of Cotacachi—may lack the institutional capacity
required to sustain these processes. This governance dimension represents a critical area
for policy intervention and future research [6,29,34].

The productive heterogeneity observed across the system—from 40% relative yield in
Racimo de uva to complete crop loss in faba bean and two potato varieties—is not a limitation
but a feature of the diversified chakra system. This heterogeneity reflects the system’s
capacity to generate differentiated responses to climatic conditions, distributing risk rather
than concentrating it, and aligns with theoretical expectations about diversification as
ecological risk management [34,35].
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5.4. Scalability, Farmer Adoption, and Policy Implications

The underlying principles of the chakra system—crop diversification, phenological
asynchrony, and management grounded in local ecological knowledge—are analytically
transferable to other Andean regions with comparable altitudinal gradients and biocultural
contexts. However, empirical validation across multiple sites and seasons is necessary be-
fore broader recommendations can be made. Encouraging farmer adoption of these systems
requires, at minimum: (1) community-based seed networks and seed fairs that facilitate ac-
cess to diverse native germplasm; (2) participatory action research programs that integrate
local knowledge with climate monitoring data; and (3) economic incentives or institutional
recognition for farmers maintaining agrobiodiversity under GIAHS designations.

From a policy perspective, the findings support four concrete recommendations:
(1) institutional recognition and financial support of GIAHS-designated sites as platforms
for in situ agrobiodiversity conservation and climate adaptation; (2) inclusion of traditional
agroecological practices in national and regional climate adaptation plans; (3) strengthening
of community native seed networks to sustain genetic and phenological diversity across
cycles; and (4) development of territorial planning instruments to protect chakra systems
from peri-urban land-use pressure in regions such as Imantag.

5.5. Conceptual Synthesis of Socio-Ecological Interactions in the Chakra

The empirical results demonstrate that productive performance and climate resilience
in the chakra system cannot be explained through linear or reductionist climate—yield rela-
tionships. Instead, outcomes emerge from a dynamic network of interactions among climate
variability, crop phenology, farmer management decisions, and agrobiodiversity [8,9].

Recent advances in diversified agroecosystems further demonstrate that resilience
is not determined by isolated factors but emerges from the integration of management
decisions, biodiversity, and climate exposure, reinforcing the role of non-linear dynamics
and adaptive responses in smallholder systems [48,49].

Three SES resilience mechanisms are identifiable in the data: (1) Feedback: the signifi-
cant negative correlation between maximum temperature during maturation and relative
yield (r = —0.42, p = 0.020) illustrates how climatic signals are processed differentially ac-
cording to phenological stage. The extreme case of tuber rotting in Papa roja and Papa vinica
represents a threshold feedback response—when thermal and moisture stress exceeded
varietal physiological tolerance, the system responded with total crop failure rather than
gradual yield reduction. (2) Adaptation: the positive association of seed mass with relative
yield (B = 6.71, p = 0.069) reflects adaptive adjustment of management to accumulated
local conditions, expressed as an active farmer decision with measurable productive con-
sequences. (3) Redundancy: the coexistence of 30 varieties across four crop species with
phenological windows from 3.5 to 7.5 months, distributed climatic risk across time, main-
taining system-level output even when specific crop groups experienced complete failure.

Production, conservation, and adaptation are therefore not separate objectives within
the chakra but integrated outcomes of the same socio-ecological processes. This integra-
tion challenges dominant agricultural paradigms centered on simplification and control,
illustrating how resilience is constructed through diversity, reciprocity, and co-adaptation
between humans and nature [10,21,50].

5.6. Limitations of the Study

The following limitations must be acknowledged when interpreting these results:
(1) Temporal scope: data cover a single agricultural cycle (2024-2025). Inter-annual vari-
ability in climate, pest pressure, and market conditions may substantially alter observed
patterns; multi-year monitoring is necessary. (2) Spatial scope: one 420.8 m? plot in a single
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location in Imantag; generalization to the broader Andean region is interpretive rather
than statistically grounded. (3) Experimental design: observational participatory design
without replication per variety row or control treatments; limits causal inference. (4) Sample
size: n = 30 varieties of seeds; constrains detection of moderate effect sizes, particularly
for groups with n < 3 (fava bean, potato). (5) Qualitative data: traditional management
protocols (lunar calendars, seed selection criteria, risk perceptions) were not formally docu-
mented; this limits the empirical depth of the co-adaptation argument. (6) Climate data:
single INAMHI meteorological station; within-plot microclimate variation not measured.

6. Conclusions

This study demonstrates that the Andean-associated cropping system (chakra) moni-
tored in Imantag, Imbabura, Ecuador, during the 2024-2025 agricultural cycle represents a
living expression of a paradigm shift in agriculture, in which production, agrobiodiversity
conservation, and climate adaptation are integrated through reciprocal human-nature
relationships. These conclusions are drawn from the empirical monitoring of 30 varieties
across four crop species within a single 420.8 m? integrated plot and should be interpreted
within this specific spatial and temporal scope. Generalization to the broader Andean
region is analytical rather than statistical.

Farmer decisions during early crop establishment—particularly regarding seed mass
at planting (3 = 6.71, p = 0.069 in the OLS model, controlling for species)—showed a
consistent positive tendency in their relationship with relative yield. Elevated maximum
temperatures during the maturation phase constrained productivity across crop groups
(r=—0.42, p = 0.020), with the most severe outcome being complete tuber rotting in Papa
roja and Papa iinica. All statistical findings were validated through comprehensive model
quality criteria (Table 4), including VIF diagnostics (max. VIF = 3.37), Shapiro-Wilk residual
normality testing (W = 0.983, p = 0.896), and Ridge and Lasso cross-validation, confirming
the robustness of the empirical results.

Phenological asynchrony and varietal diversity buffered climate-related risk at the
system level. The coexistence of crops with cycles ranging from 3.5 months (Papa chaucha)
to 7.5 months (maize) distributed climatic exposure over time, thereby enabling the sys-
tem to sustain productive output even when individual crop groups experienced com-
plete losses. The 30 variety rows—spanning native, introduced, and improved genetic
material—constitute an active form of in situ agrobiodiversity conservation within a single,
traditionally managed plot.

The underlying principles of the chakra system—crop diversification, phenological
asynchrony, and management grounded in local ecological knowledge—are analytically
relevant to other Andean regions with similar altitudinal gradients and biocultural contexts.
However, empirical validation across multiple sites and seasons is necessary before broader
recommendations can be made. Multi-year, multi-site research programs are identified as
a priority.

In terms of policy implications, the results support: (1) institutional recognition and
support of GIAHS-designated sites as platforms for in situ agrobiodiversity conservation
and climate adaptation; (2) inclusion of traditional agroecological practices in national and
regional climate adaptation plans; (3) strengthening of community native seed networks
sustaining genetic and phenological diversity; and (4) territorial planning instruments
protecting chakra systems from peri-urban land-use pressure. Overall, these findings
reinforce the need to reimagine agriculture through socio-ecological perspectives that
recognize traditional agroecosystems as viable and dynamic pathways for sustainable food
production, biodiversity conservation, and climate resilience in the face of ongoing global
environmental change [5,6].
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