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Abstract

Honey production is influenced by multiple factors, including climatic conditions, hive
management practices, and harvest scheduling. This study evaluated the predictive ca-
pacity of statistical modeling techniques using data mining algorithms (MARS, CHAID,
CART, and Exhaustive) and artificial neural network algorithms (Multilayer Perceptron,
MLP) to estimate honey yields in apiaries located in northeastern Peru. A structured survey
was conducted with sixty-nine beekeepers across nineteen districts in the Chachapoyas
province. Variables included beekeeper experience, instruction, hive count, visit frequency,
harvest frequency, additional income-generating activities, and geographic location. De-
scriptive statistics, non-parametric tests, Spearman correlations, and exploratory factor
analysis were applied to identify latent structures. A linear mixed-effects model was used
to assess the combined influence of predictors on honey production, with district included
as a random effect. Results indicated that hive number, beekeeping experience, harvest fre-
quency, and exclusive engagement in apiculture were statistically associated with increased
honey yields. The model explained a substantial proportion of variance, supporting the
integration of technical and socio-demographic variables in production forecasting. These
findings demonstrate the utility of predictive modeling for informing hive management
strategies and improving the operational efficiency of small-scale beekeeping systems in
Andean regions.

Keywords: bee; beekeeping; hive; correlation

1. Introduction

In South America, Peru was among the first countries to develop beekeeping, particu-
larly with Africanized and stingless bees. However, limited information exists regarding
their distribution and the economic impact of apiculture at the national level [1,2]. Despite
its high productive potential, beekeeping has not become a major economic activity in Peru.
By the mid-20th century, domestic honey production accounted for only about 0.1% of
the global market, with approximately 100,000 honeybee colonies primarily dedicated to
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local consumption. Most apicultural activities were conducted by amateurs (over 70%) and
received minimal governmental support, which restricted the sector’s development and
economic contribution [1,3]. In the Peruvian Amazon, honey is widely used and frequently
traded in local markets, mainly as an ingredient in traditional medicine, although it is also
consumed as a natural sweetener [4,5]. Honey is a natural substance produced by bees from
floral nectar [6,7]. Beyond its organoleptic properties, honey contains bioactive compounds
with documented antioxidant, anti-inflammatory, and antimicrobial activities, supporting
its classification as a functional food with potential health-promoting effects [8-10]. Addi-
tionally, honey production represents an economically viable activity for rural populations,
as its sustained demand in domestic and international markets contributes to income
generation and supports local socio-economic development [11].

Honey production is influenced by a complex interplay of environmental conditions,
apiary location, colony management strategies, and beekeeper expertise. To systematically
evaluate these factors, predictive modeling techniques can be employed, enabling the
development of robust frameworks for optimizing yield [12]. These approaches employ
statistical and computational algorithms—such as data mining methods (CART, CHAID,
Exhaustive CHAID, and MARS) and artificial neural network algorithms (Multilayer Per-
ceptron, MLP)—to evaluate variable interactions, generate forecasts [13], and identify key
determinants of hive performance [14]. Thus, enhancing honey production requires a com-
prehensive understanding of the variables affecting colony efficiency, allowing beekeepers
to implement data-informed strategies that improve productivity.

2. Materials and Methods
2.1. Study Area

The study was conducted across 19 districts within the Chachapoyas province, Ama-
zonas, Peru, spanning altitudinal gradients from 1800 to 2900 m above sea level (masl).
These districts are located within a montane forest ecosystem, typified by temperate climatic
conditions (9 °C to 28 °C), moderate precipitation, and high floristic diversity (Figure 1).
Apiary distribution across the surveyed districts was as follows: Cheto accounted for the
highest proportion with 8 apiaries (11.6%), followed by Chuquibamba, Molinopampa,
and Soloco, each with 5 apiaries (7.3%). Chachapoyas, Granada, Huancas, Leimebamba,
Magdalena, and San Francisco de Daguas each hosted 4 apiaries (5.8%). Chiliquin, La
Jalca, Mariscal Castilla, Montevideo, and Quinjalca registered 3 apiaries each (4.3%), while
Levanto, San Isidro de Maino, and Sonche recorded 2 apiaries each (2.9%). Olleros had the
lowest representation, with a single apiary (1.5%).

2.2. Data Collection and Predictor Variables

Sixty-nine beekeepers were surveyed from May to June 2022. The studied variables
were honey production per harvest per hive per year (HP), time of experience as a bee-
keeper (TE), number of hives (NH), annual harvest (AH), visit frequency to the beekeeper
for technical management of the hives (VF), location (L), instruction (I) and additional
activity to beekeeping (AA) (Table 1). For the survey, all beekeepers in the province of
Chachapoyas were included without applying any selection criteria or distinctions among
them. The administered survey underwent evaluation through expert judgment, ensur-
ing methodological rigor. To assess its internal consistency and reliability, Cronbach’s
Alpha was applied as a statistical measure (« = 0.05) to have a 5% probability of making a
Type I error.
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Figure 1. Location map of sampling points in the province of Chachapoyas.

Table 1. Descriptive statistics of variables.

Variables Mean + SD
Honey production (kg) 13.1£52
Time of experience (year) 72459
Number of hives (n) 99+ 14.4
Annual harvest (n) 1.5+£0.6
Visit frequency (n) 26.6 +16.9
Instruction Freq. (%)
Primary 49 (71.0)
Secondary 12 (17.4)
Superior 8 (11.6)
Activity additional to beekeeping Freq. (%)
Agriculture 32 (46.4)
Cattle raising 8 (11.6)
Construction 8 (11.6)
Agriculture and Cattle raising 6(8.7)
Craft 3(4.3)
None 6 (8.7)
Others 6 (8.7)
SD: standard deviation. Freq: frequency, None: only beekeeping, Others: primary or secondary educator, guardian,

or trader.

2.3. Statistical Analysis

To evaluate the relationship between categorical variables associated with honey
production in apiaries located in Chachapoyas, contingency tables and the Chi-square
test (p < 0.01) were applied using SPSS v.15.0. Associations were examined among the
following variables: harvests per year, visit frequency, additional activities, and beekeepers’
instruction. Quantitative variables—years of experience, number of hives, and honey
yield—did not follow a normal distribution (Shapiro-Wilk test). Therefore, measures of

central tendency were calculated, and their variation across categorical groups was assessed
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using non-parametric tests: Kruskal-Wallis (for comparisons among more than two groups)
and Wilcoxon rank-sum test (for two-group comparisons). Spearman’s rank correlation
(p < 0.01) was used to evaluate associations among quantitative variables.

An exploratory factor analysis was conducted in R v.4.4.3 using the FactoMineR
package to identify underlying patterns and reduce the dimensionality of the dataset.
The variables included in the analysis were: harvests per year, visit frequency, additional
activities, instruction, years of experience, and number of hives. Principal Component
Analysis (PCA) was employed for factor extraction, followed by orthogonal Varimax
rotation. The adequacy of the factor model was assessed using the Kaiser-Meyer-Olkin
(KMO) measure of sampling adequacy and Bartlett’s test of sphericity.

A linear mixed-effects model was fitted in R v.4.4.3 using the Ime4 package to assess
the joint influence of fixed effects: years of experience, instruction, number of hives,
additional activities, harvests per year, and visit frequency. The district was included
as a random effect. Honey production was log-transformed and used as the response
variable. Multicollinearity among predictors was assessed using the vif() function from
the car package. Model performance was evaluated using marginal and conditional R?
coefficients, calculated with the pR2() function from the MuMin package.

3. Results
3.1. Characterization of Apiaries

Honey production per hive per harvest per year ranged from a minimum of 3 kg to
a maximum of 25 kg, with an average yield of 13.1 kg. Table 1 presents the descriptive
statistics of the variables analyzed.

3.2. Independence Analysis of Categorical Variables in Beekeeping Practices

The Chi-square test revealed a significant association between harvest frequency per
year and VEF, with two annual harvests predominating in apiaries visited every 30 days
(p < 0.01). AA were significantly associated with both instruction and harvest frequency
(p < 0.01). Apiaries managed by beekeepers with primary were predominantly linked to
agricultural activities, whereas those with secondary or higher levels were more frequently
associated with other types of additional activities, including handicrafts, services, and
others (Table 2).

3.3. Correlation of Quantitative Variables in Beekeeping Practices

Spearman’s rank correlation was applied to assess relationships among quantitative
variables that did not follow a normal distribution. A significant positive correlation was
found between years of experience and number of hives with honey production volume
(Table 3).

3.4. Univariate Analysis and Comparison Using the Kruskal-Wallis Test

Mean values of the quantitative variables were calculated and compared across groups
using non-parametric tests due to the lack of normal distribution. The Kruskal-Wallis test
was applied for comparisons among more than two groups, and the Wilcoxon rank-sum
test was used for two-group comparisons. Significant differences (p < 0.01) were observed
among groups defined by harvest frequency per year, with higher values for years of expe-
rience, number of hives, and honey production volume in apiaries achieving three annual
harvests. VF and AA were also significantly associated with the number of hives (p < 0.01)
and honey production (p < 0.05). Apiaries visited more often (<15 days) and managed
without additional activities—indicating exclusive dedication to beekeeping—exhibited
the highest hive counts and honey yields (Table 4).
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Table 2. Analysis of categorical variables independence in beekeeping practices [n (%)].
Instruction Visit Frequency Annual Harvests
Variables Total
Primary  Secondary  Superior = <15Days  >30 Days 1 2 3
Visit frequency
<15 days 30.0 20.0 7.0 3.0
(43.5%) (40.8%) (58.3%) (37.5%)
>30 days 39.0 29.0 5.0 5.0
(56.5%) (59.2%) (41.7%) (62.5%)
p-value 0.51
Annual harvests
1 harvest/year 35.0 25.0 6.0 4.0 9.0 26.0
(50.7%) (51.0%) (50.0%) (50.0%) (30.0%) (66.7%)
2 harvest/year 31.0 24.0 4.0 3.0 18.0 13.0
(44.9%) (49.0%) (33.3%) (37.5%) (60.0%) (33.3%)
3 harvest/year 3.0 - 2.0 1.0 3.0 -
(4.3%) - (16.7%) (12.5%) (10.0%) -
p-value 0.09 <0.01
Activity additional to beekeeping
None 6.0 2.0 3.0 1.0 6.0 - - 4.0 2.0
(8.7%) (4.1%) (25.0%) (12.5%) (20.0%) - - (12.9%) (66.7%)
Agriculture 32.0 31.0 1.0 - 14.0 18.0 17.0 15.0 -
(46.4%) (63.3%) (8.3%) - (46.7%) (46.2%) (48.6%) (48.4%) -
Agriculture and livestock 6.0 6.0 - - 2.0 4.0 2.0 4.0 -
(8.7%) (12.2%) - - (6.7%) (10.3%) (5.7%) (12.9%) -
Cattle raising 8.0 6.0 1.0 1.0 3.0 5.0 3.0 5.0 -
(11.6%) (12.2%) (8.3%) (12.5%) (10.0%) (12.8%) (8.6%) (16.1%) -
Others 17.0 4.0 7.0 6.0 5.0 12.0 13.0 3.0 1.0
(24.6%) (8.2%) (58.3%) (75.0%) (16.7%) (30.8%) (37.1%) (9.7%) (33.3%)
p-value <0.01 0.05 <0.01

None: only beekeeping, Others: primary or secondary educator, guardian, or trader. Agriculture refers to farms
dedicated exclusively to crop production; Livestock refers to those engaged solely in cattle raising; and Agriculture
and Livestock refers to farms that combine both activities. The values presented correspond to the frequency,
with the percentage of each category shown in parentheses. The associations were analyzed using the x? test at a
significance level of p < 0.01. N indicates the number of occurrences of beekeepers’ agricultural practices, and (%)
represents the corresponding percentage.

Table 3. Correlation among quantitative variables of beekeeping practices.

Experience Hives Honey Production
Experience 1 0.659 (**) 0.618 (**)
p-value <0.01 <0.01
Hives 1 0.933 (**)
p-value <0.01
Honey production 1

** Significant difference < 0.01.

However, wide interquartile range suggest a degree of uncertainty in these estimates,
warranting further analysis using multivariate approaches to better understand the under-
lying interactions.

3.5. Principal Component Analysis

The variance of factors potentially influencing honey production volume—as the
response variable—was assessed using factorial analysis. Six variables (three categorical
and three quantitative) were included to evaluate their joint contribution to overall variance.
The analysis yielded an explained variance of 65.2% across two principal components, with
a dispersed variable distribution (Figure 2). Beekeeping experience, hive count, and AH
frequency loaded onto the first component; instruction and presence of additional activities
onto the second; and visit frequency onto a third, less dominant component (Table 5).
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Table 4. Years of experience, number of hives, and honey production by categorical variables.

Experience (Years) Hives Honey Production (kg)
Variables
Median P25-P75% Median P25-P75% Median P25-P75%
Instruction
Primary 49.0 6.0 3.0 8.0 4.0 3.0 8.0 45.0 26.0 126.0
Secondary 12.0 5.0 3.0 13.75 55 3.0 15.25 56.0 33.0 253.75
Superior 8.0 6.5 4.25 17.75 6.0 35 21.25 58.0 30.5 212.5
p-value 0.34 0.54 0.78
Annual harvests
1 harvests/year 35.0 5.0 2.0 7.0 3.0 2.0 4.0 30.0 20.0 50.0
2 harvests/year 31.0 7.0 3.0 13.0 8.0 4.0 17.0 100.0 48.0 250.0
3 harvests/year 3.0 14.0 3.0 - 35.0 10.0 - 595.0 2 2171.72
p-value 0.01 <0.01 <0.01
Visit frequency
<15 days 30.0 5.0 2.0 12.0 8.0 3.0 12.5 104.0 36.0 251.25
>30 days 39.0 6.0 3.0 8.0 3.0 2.0 5.0 4.0 21.0 64.0
p-value 0.53 <0.01 0.01
Additional activity to beekeeping
None 6.0 8.5 3.0 14.75 31.0 10.0 52.75 567.0 99.9 1123.75
Agriculture 32.0 6.0 2.0 8.0 4.0 3.0 7.75 42.50 30.0 124.5
Agriculture and Cattle raising 6.0 7.0 3.0 14.75 4.5 2.0 38.0 61.50 14.5 709.0
Cattle raising 8.0 4.0 3.0 11.5 5.0 3.0 20.75 52.50 31.0 355.5
Others 17.0 5.0 3.5 14.0 3.0 25 7.0 36.0 20.5 65.0
p-value 0.66 0.01 0.03

N (number), Median, and percentiles 25% y 75%. None: only beekeeping, Others: primary or secondary educator,
guardian, or trader. Agriculture refers to farms dedicated exclusively to crop production; Livestock refers to those
engaged solely in cattle raising; and Agriculture and Livestock refers to farms that combine both activities.
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Figure 2. Explained Variance of Recorded Variables Affecting Honey Production.
The Kaiser-Meyer-Olkin measure yielded a value of 0.54, and Bartlett’s test of spheric-

ity was statistically significant (p < 0.001), supporting the suitability of factorial analysis for
characterizing the selected variables.
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Table 5. Rotated component matrix ! of recorded variables related to honey production.
PC1 PC2 PC3

Experience 0.4768625 0.3316564 0.4421595
Instruction 0.1408419 0.5884626 —0.4600598

Hives 0.5811738 0.0224140 0.2339021
Additional activity to beekeeping —0.1240016 0.6604619 —0.1631398
Annual harvest 0.5407611 —0.1391135 —0.1334441

Visit frequency —0.3274200 0.2960591 0.7026435

1 Orthogonal Varimax rotation.

3.6. Honey Production Volume Estimation Model

Honey production was log-transformed and used as the response variable in a linear
mixed-effects model. Fixed effects included beekeeping experience, instruction, number
of hives, additional occupational activity, AH frequency, and visit frequency. District was
specified as a random effect and contributed to the total variance (Table 6).

Table 6. Random effects contribution to honey production variance.

Variable Name Variance Standard Deviation
Location Intercept 0.01748 0.1322
Residual 0.33359 0.5776

Table 7 reports the significance levels of the fixed effects. No statistically significant
associations were observed between honey production and either instruction or visit
frequency. These variables were retained in the model due to their contribution to model
fit metrics.

Table 7. Fixed effects of honey production estimation in apiaries in Chachapoyas, Peru.

Estimate SE DF t-Value p-Value Sig.
(Intercept) 3.267714 0.426214 56.936322 7.667 2.48 x 10710 o
Experience 0.046484 0.018286 59.317116 2.542 0.0137 *
Instruction 0.043957 0.131951 54.413455 0.333 0.7403
Hives 0.047847 0.007644 61.031473 6.259 4.26 x 1078 .
Additional activity to beekeeping —0.106635 0.052802 58.155984 —2.020 0.0481 *
Annual Harvest 0.404555 0.162787 58.895951 2.485 0.0158 *
Visit frequency —0.014105 0.011605 58.919428 —1.215 0.2291

Standard error (SE), degrees of freedom (DF), significance (Sig.), * indicates a significance level of 5% (p < 0.05),
and *** indicates a significance level of 0.1% (p < 0.001).

The estimation equation met the assumption of residual normality, as indicated by
the Shapiro-Wilk test (p = 0.7385). No evidence of multicollinearity was detected among
the predictors, with variance inflation factor (VIF) values ranging from 1.43 to 2.34. The
marginal and conditional coefficients of determination were similar (R? = 0.778 and 0.789,
respectively), indicating consistent explanatory power from both fixed and random ef-
fects. Predicted values for each apiary were calculated using the coefficients presented
in Table 7. Due to the logarithmic transformation applied during model fitting, the expo-
nential function was used to back-transform the estimates. Figure 3 displays the observed
and predicted honey production values. The correlation coefficient between observed and
predicted values was R = 0.836.
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Figure 3. Correlation between observed and predicted honey production values using a linear
mixed-effects model.

4. Discussion
4.1. Independence Analysis of Categorical Variables Affecting Honey Production

The independence analysis revealed statistically significant associations between manage-
ment practices and the sociodemographic characteristics of beekeepers. AH was significantly
associated with VE. This relationship indicates that more frequent management—defined as in-
spections every 15 days or less—is linked to achieving two to three harvests per year. Previous
studies have reported that frequent hive inspections play a critical role in the early detection
of diseases and in monitoring adverse climatic conditions [15,16]. These practices contribute
to maintaining colony health [17,18] and are associated with improved yield outcomes [19,20].

Additional economic activities were also associated with both the beekeeper’s level
of instruction and the number of annual harvests. Beekeepers with primary tended to
combine apiculture with agricultural work, whereas those with secondary or higher di-
versified into non-agricultural sectors such as crafts or services. These differences may
reflect distinct economic sustainability strategies, as well as disparities in access to re-
sources, technical knowledge, market opportunities, and technology adoption [21,22]. In
Chachapoyas province, the most prevalent economic activities include agriculture, live-
stock, and tourism [23]. Beekeepers with lower educational attainment may maintain
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stronger ties to these traditional sectors, which are embedded in local cultural practices.
Diversification into agricultural activities may reduce the time and resources available for
apiculture, thereby influencing management frequency and harvest outcomes.

In this context, [24] reported that in southwestern Ethiopia, beekeepers engaged
primarily in traditional practices and with limited technical specialization obtained lower
yields, whereas those with greater specialization and organizational capacity achieved
higher production and economic returns. These findings support the premise that time
availability and resource allocation for specialized management are key factors influencing
apiary performance.

4.2. Correlation of Quantitative Variables Affecting Honey Production

Spearman correlation analyses identified statistically significant associations between
honey production and two key variables: years of beekeeping experience and the number
of hives managed. The positive correlation between experience and honey production
indicates that beekeepers with longer trajectories tend to achieve higher yields. This finding
aligns with previous studies that have documented the role of accumulated experience in
improving technical management and decision-making within apicultural systems [25].
Similarly, the number of hives was strongly correlated with honey production, suggesting
that apiary scale is a relevant factor in yield outcomes. This association may reflect both
the direct effect of colony count [26] and the potential for larger-scale beekeepers to adopt
more frequent and technically intensive management practices [27].

Experience was also correlated with hive quantity, indicating that more experienced
beekeepers tend to expand their production units over time [28]. These results support
the interpretation that honey yield is influenced by the interaction between technical
knowledge, management capacity, and production scale. In this context, continuous
training and the implementation of scalable production models may contribute to improved
yield performance in settings comparable to the Chachapoyas province.

4.3. Univariate Analysis and Mean Comparison Using the Kruskal-Wallis Test

Univariate analysis and mean comparison indicated that beekeeping experience, hive
quantity, and honey production were significantly higher in apiaries that achieved three
annual harvests. These findings reflect an association between increased management
frequency and higher production levels and operational scale [29,30].

The results are consistent with previous studies that link strategic harvest schedul-
ing and beekeeper experience with more effective use of floral resources and increased
production output [31,32].

4.4. Principal Component Analysis

Principal component analysis revealed that the first component (Dim1), accounting
for 37.1% of the total variance, was strongly influenced by variables directly related to bee-
keeping management: number of hives, beekeeper experience, and AH frequency. These
variables may jointly represent an axis of “productive intensity” or “operational scale”. In
this regard, a study conducted under Lebanese conditions, using a comprehensive survey
and Principal Component Analysis (PCA), revealed that beekeepers’ knowledge, coopera-
tive membership, number of hives, and honey storage practices significantly influenced
production [33]. Furthermore, geographic region affected management practices, as most
beekeepers engaged in year-round migratory beekeeping, highlighting both the challenges
and opportunities for improving the sector [33].

The second component (Dim?2), which explained 28.1% of the variance, grouped so-
ciocultural variables such as the beekeeper’s instruction and the presence of additional
economic activities. This indicates that socioeconomic attributes of producers also con-
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tribute to explaining differences among beekeeping systems [34]. Furthermore, beekeepers’
management philosophy is closely associated with their choice of hive chemicals and over-
all beekeeping objectives. This suggests that informed decision-making enables beekeepers
to adopt management practices suited to their farm size and production philosophy [35].

In contrast, apiary visit frequency was associated with a distinct third component,
emerging as a relevant variable that may reflect its transversal role across both techni-
cal management and beekeeper profile dimensions [36]. Previous studies, such as that
of [37] have demonstrated that management practices and beekeeper characteristics, when
analyzed jointly, account for a substantial portion of the variability observed in honey
production, thereby supporting the findings of this study. This study demonstrates that
management practices and beekeeper characteristics jointly explain a significant proportion
of the variability among beekeeping operations. These findings support the notion that
variables such as visit frequency can be integrated across both technical and beekeeper
profile dimensions to promote sustainable beekeeping [38].

4.5. Honey Production Estimation Model

The applied linear mixed-effects model enabled simultaneous evaluation of multiple
predictors of honey yield while accounting for district-level variability as a random inter-
cept. The inclusion of district as a random effect was statistically justified by its significant
contribution to the total variance (Table 6), highlighting the influence of geographic factors
such as local climate, floral availability, and pest pressure on apiary performance [39].

Regarding fixed effects (Table 7), significant predictors of honey production in-
cluded beekeeper experience (p = 0.0137), number of hives (p < 0.0001), AH frequency
(p = 0.018), and exclusive dedication to beekeeping (absence of additional economic activi-
ties, p = 0.0481). These results align with patterns identified in univariate and multivariate
analyses, confirming that honey yield is closely associated with operational scale, man-
agement intensity, and technical specialization [40]. Among these, hive quantity exhibited
the strongest positive effect, reinforcing its role as a structurally determinant variable in
production systems. Conversely, variables such as beekeeper instruction and apiary visit
frequency did not exhibit statistically significant effects within the model. However, their
inclusion improved overall model fit and were retained in the final specification. This
indicates that while these variables may exert indirect or interaction-based influence, they
do not independently account for substantial variance in honey yield [41].

Comparable models have been employed in previous studies, where experience, api-
ary size, and productive specialization were positively associated with higher yield levels,
whereas educational attainment and management frequency were not consistently signif-
icant in multivariate frameworks [42]. Recent studies have also incorporated predictive
modeling approaches to estimate honey production based on climatic variables, floral
resource availability, and management characteristics [43,44]. These studies demonstrate
the feasibility of yield forecasting and its potential utility for harvest planning and resource
optimization, particularly in rural contexts analogous to Chachapoyas.

The apparent divergence among some statistical results can be attributed to the distinct
analytical purposes and scopes of the applied methods. For instance, the Chi-square test
revealed significant associations between harvest frequency and apiary visit frequency
(p < 0.01), as well as between additional economic activities and educational level, indicat-
ing that inspection practices and livelihood strategies vary according to managerial and
sociodemographic characteristics.

However, when honey production was analyzed using a linear mixed-effects
model—which simultaneously incorporates multiple predictors and accounts for district-
level variability as a random factor—neither education nor visit frequency exhibited statisti-
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cally significant direct effects on yield. Although not significant as independent predictors,
these variables were retained because they improved the overall model fit according to
specific goodness-of-fit criteria.

This contrast reflects the fundamental difference between univariate or bivariate tests
and multivariate modeling approaches. While Chi-square analyses detect simple associa-
tions, they do not account for confounding or interactive effects. In contrast, multivariate
models estimate the adjusted influence of several variables concurrently, offering a more
integrated and realistic representation of production dynamics. Consequently, factors that
appear significant in isolated analyses may lose direct significance once technical, opera-
tional, and spatial sources of variation are controlled. This underscores the complexity of
beekeeping systems and suggests the potential influence of latent factors or interactions
not explicitly addressed in this study.

Model validation confirmed compliance with key statistical assumptions. The
Shapiro-Wilk test applied to residuals (p = 0.7385) supported normality, and variance infla-
tion factors (VIF < 10) ruled out significant multicollinearity among predictors. Marginal
(R? = 0.778) and conditional (R? = 0.789) coefficients of determination indicated high ex-
planatory power for both fixed and random effects, which is essential in mixed models
incorporating unit-level heterogeneity (i.e., apiaries). Logarithmic transformation of the
dependent variable during modeling, followed by back-transformation via the exponen-
tial function (exp()), improved data distribution and stabilized variance, yielding a more
accurate fit. This precision was reflected in the strong correlation between predicted and
observed honey yields (R = 0.836, p < 0.01), as illustrated in Figure 3. Despite the overall
model performance, several outliers were detected. These may be attributable to external
factors not explicitly modeled, including variation in management practices, seasonal floral
dynamics, or localized climatic anomalies [45,46].

The weight information was neither collected nor included as a predictor in the honey
production estimation model described. The linear mixed-effects model incorporated vari-
ables such as beekeeper experience, number of hives, frequency of agricultural applications,
and exclusive dedication to beekeeping; however, weight data were not included as part of
the fixed or random effects.

A major limitation of this study is the exclusion of the variable related to surrounding
vegetation, which may represent a key determinant of beekeeping productivity. Although a
positive relationship was identified between the beekeeper’s educational background and
honey yield, future research should incorporate analyses of the productive potential associ-
ated with the floristic composition and availability of nectar and pollen resources within the
Amazonian landscape. Areas with greater diversity and abundance of melliferous flora are
likely to support higher honey yields, regardless of other factors considered. Therefore, the
omission of this environmental variable may constrain the generalizability and accuracy of
the explanatory model in identifying the true determinants of beekeeping production.

5. Conclusions

This study identified that factors such as hive quantity, beekeeper experience, annual
harvest frequency, and exclusive dedication to beekeeping are significantly associated with
higher honey production levels (25 kg of honey per hive per harvest per year) in apiaries
located in the province of Chachapoyas, Amazonas. Multivariate statistical analyses
confirmed that these management-related variables—particularly hive quantity—explain
a substantial proportion of the observed variability. Moreover, the inclusion of district
as a random effect underscored the importance of geographic factors in accounting for
differences in apiary performance. These findings support the implementation of strategies
aimed at strengthening technical capacities, enhancing beekeeper professionalization, and
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promoting productive scaling to improve the efficiency and sustainability of apiculture
in the region. Additionally, territorial specificities should be considered when designing
interventions to ensure alignment with local conditions and optimize apiary productivity.
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