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Abstract !

/
Oca (Oxalis tuberosa L.) is an Andean tuber traditionally sun-cured to
enhance sweetness and sensory quality; however, quantitative evidence Article History
linking changes in total soluble solids (°Brix) with physical and colorimetric Received: 13 January 2026
modifications remains limited. This study evaluated the effect of a 10- Accepted: 10 March 2026
hour sun-curing process on four oca varieties by monitoring total soluble Keywords
solids (°Brix), fractal dimension, and color attributes. Measurements were °Brix;
recorded every two hours during the sun-curing period and analyzed Colorimetric Analysis;
.. s . Df Fractal Dimension;
both individually and within a consolidated dataset. Results showed Image Processing;
a consistent increase in total soluble solids (°Brix) across all varieties, Oxalis Tuberosa L.;
with a strong positive correlation between °Brix values and sun-curing Sun-Curing.

time (r = 0.88-0.94). Total soluble solids were strongly associated with
fractal dimension and exhibited moderate-to-strong, variety-dependent
correlations with color variation (r = 0.76-0.85), indicating that
microstructural and chromatic changes accompany increases in °Brix
during solar exposure. In contrast, tuber size parameters showed weak,
non-significant correlations with °Brix (r < 0.30), suggesting that physical
dimensions have limited influence on soluble solid accumulation. Overall,
the consolidated analysis confirmed comparably consistent trends among
varieties. These findings demonstrate that integrating physicochemical,
fractal, and color-based indicators provides a robust approach for
evaluating sun-curing effectiveness and postharvest quality in oca.
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Introduction

Oca (Oxalis tuberosa L.) is a tuber native to the
Andean region of South America, traditionally
cultivated in high-altitude areas. Its high tolerance
to harsh climatic conditions and poor soils allows it
to grow where many other crops cannot."? For this
reason, oca is a key staple food and an important
contributor to food security for millions of people in
the Andes.*® Andean farmers have long applied a
traditional practice of exposing harvested tubers
to sunlight to reduce bitterness and enhance
perceived sweetness. Sun exposure induces
metabolic changes, including starch hydrolysis
and reductions in oxalic acid content.®” Although
these biochemical changes have been described,
the associated physical and structural surface
modifications occurring during solar exposure
remain insufficiently quantified using objective
computational approaches.®'? During sun-curing,
the tuber progressively loses moisture and turgor
pressure, resulting in epidermal contraction and
surface remodeling.”®'® However, the relationship
between these morphological changes and
variations in total soluble solids has not been
clearly established, particularly across different oca
varieties.

This study employs Fractal Dimension as a non-
invasive metric to characterize the evolution of
surface morphological complexity as a function
of exposure time."”"?° As dehydration progresses,
mechanical stress alters the tuber’s epidermal
structure.?'-2* These geometric transformations may
provide a measurable structural signature associated
with internal physiological processes.?-? Through
digital image processing techniques, fractal analysis
enables standardized numerical quantification
of surface irregularities beyond subjective visual
assessment.?-32 Simultaneously, total soluble solids,
expressed as the °Brix index, serve as the primary
physicochemical indicator of changes occurring
during sun-curing.®3® The rate of carbohydrate
transformation is influenced by the duration and
intensity of solar radiation.®**% Nevertheless,
the temporal relationship between exposure time,
total soluble solids, and surface morphological
evolution remains poorly characterized.36-38
Clarifying this interaction is essential for optimizing
postharvest management strategies and improving
consistency in organoleptic quality for agro-
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industrial applications.®*¥4% This study tested the
hypothesis that surface morphological complexity,
quantified through fractal dimension, is associated
with variations in total soluble solids (°Brix) during
traditional sun-curing of four oca varieties.*'*3

The objective of the present research was to
evaluate the relationship between total soluble
solids (°Brix) and surface modifications of oca
tubers during a controlled sun-curing process, using
digital image analysis to quantify fractal dimension
and color variation. By monitoring tubers over
defined exposure intervals, we aimed to determine
whether fractal dimension can function as a reliable
morphological indicator of changes in total soluble
solids and whether this relationship differs among
varieties. Establishing such associations would
provide an objective analytical framework to support
scientific characterization of traditional sun-curing
practices and contribute to improved quality control
in Andean tuber production systems

Materials and Methods

Plant Material and Experimental Site

Four ecotypes of Andean oca (Oxalis tuberosa L.)
were evaluated, selected based on pigmentation
diversity and relevance in traditional post-harvest
practices.**#% The varieties included: (i) Oca INIA
407 K’eny Roja Molina—Salcedo; (ii) Oca K’'eny Roja
Sicuani—Cusco; (iii) Oca K'eny Amarilla Capachica;
and (iv) Oca K’'eny Amarilla Yunguyo. Tubers were
harvested at physiological maturity and manually
sorted to ensure uniform size, absence of visible
mechanical damage, and similar physiological age.
Five biological replicates per variety were used.
The experiment was conducted in the highlands of
Puno, Peru (>3,800 m a.s.l.), under environmental
conditions representative of traditional Andean sun-
curing practices.*®

Sun-Curing Procedure

Traditional sun-curing was reproduced under natural
field conditions. Tubers were placed outdoors on
clean surfaces and exposed to direct solar radiation
for 10 continuous hours (08:00-18:00 local time).
To ensure uniform exposure, tubers were manually
rotated every two hours to prevent shading effects.3
Measurements were performed at 0, 2, 4, 6, 8, and
10 hours of exposure.



TORRES-CRUZ et al., Curr. Res. Nutr Food Sci Jour., Vol. 14(1) 371-382 (2026) 373

BRIX

L&
[ = 'u,
L -

/ i
FRACTAL

Fig. 1: Solar curing dynamics: brix and fractal analysis

Measurement of Total Soluble Solids (°Brix)
Total soluble solids (TSS) were determined using
a digital refractometer (Hanna HI 96811) equipped
with Automatic Temperature Compensation (ATC).
For each replicate:

»  Tubers were longitudinally sectioned.

* Juice was mechanically extracted using manual
compression.

*  Adrop of homogenized juice was placed on the
prism surface.

* The prism was cleaned and dried between
measurements.

The instrument was calibrated with distilled water
before each session.?® Measurements were
expressed as °Brix and recorded in triplicate per
sample, with mean values used for statistical
analysis.

Image Acquisition and Morphological Analysis
Digital images were acquired at each time interval
under standardized conditions:

*  Fixed camera distance

+  Controlled lighting

*  Uniform background contrast

* Images were captured using a high-resolution
digital camera and stored in RAW format before
processing.

Morphological features were extracted using digital
image analysis software. Images were:

+  Converted to grayscale

»  Binarized using adaptive thresholding

*  Processed to remove background noise

»  Cropped to isolate tuber surface area

»  Surface irregularity patterns were then subjected
to fractal analysis.

Fractal Dimension (Df) Analysis
Fractal dimension (Df) was calculated using the
box-counting method.*647

The binarized image was overlaid with grids of
decreasing box sizes (g). For each grid size, the
number of boxes containing part of the tuber surface
(N(€)) was counted.

Df was calculated as:
Df = lim (e—0) [log N(€) / log (1/¢€) ]

Practically, Df was estimated from the slope of the
linear regression of log N(€) versus log (1/€). Higher
Df values indicate increased surface complexity and
structural irregularity associated with dehydration-
induced epidermal stress.

Climatic Data and Environmental Monitoring
Microclimatic conditions during the experimental
period (20—24 October) were obtained from the
Copernicus Climate Change Service (C3S) via the
Thermal Trace platform.*®
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Universal Thermal Climate Index (UTCI) data were
extracted for the exact coordinates of the experimental
site. These data, provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF)
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under the Copernicus Programme, ensured
validated climatic characterization of solar exposure
conditions.*®

.-,_;_"’-_ Puno, Province of Puno
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Fig. 2: Daily temperature and UTCI “feels-like” temperature time series for Puno
(October 2025), highlighting the experimental period

Statistical Analysis
The study followed a longitudinal repeated-measures
design. Time was treated as an ordered factor,
and oca variety was considered an independent
categorical variable.

Statistical analyses included:

. Descriptive statistics (mean = standard
deviation)

. Pearson correlation coefficients (r) between:

o °Brix and time

o °Brix and fractal dimension

o) °Brix and color parameters

. Linear regression analysis to evaluate kinetic
trends

. Repeated-measures ANOVA to assess the
effect of time and variety

. Post hoc Tukey tests for pairwise comparisons

. Significance level set at a = 0.05

All analyses were performed using R version 4.3.2.

Results

Sun-curing induced significant, time-dependent
changes in the physicochemical properties of
Oxalis tuberosa L. across all evaluated ecotypes.
The integration of total soluble solids (°Brix)
measurements with digital image analysis allowed
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objective quantification of sweetening dynamics  and temporal trends are summarized in Table 1 and
during natural solar exposure. Descriptive statistics ~ Figure 3, respectively.

Table 1: Descriptive statistics of soluble solids content (°Brix) for four
Andean Oxalis tuberosa L. ecotypes under sun-induced sweetening

Variety R Mean R  Min Max Overall Overall Mode SD
Mean Median

Oca INIA 407 K’eny Roja R1 13.6 6.2 18.3 12.64 12.45 — 3.48
INIA Molina — Salcedo R2 12.98
R3 13.87
R4 13.55
R5 12.22
Oca K’eny Roja R1 9.73 7.3 11.3 8.74 8.55 8.4 0.97
Sicuani — Cusco R2 8.25
R3 8.45
R4 9.13
R5 8.18
Oca K'eny Amarilla R1 7.23 4.7 10.5 7.3 7.45 — 1.63
Capachica R2 7.65
R3 7.03
R4 6.18
R5 7.82
Oca K’'eny Amarilla Yunguyo R1 8.47 71 10.2 8.63 8.55 8.3 0.87
R2 8.9
R3 8.75
R4 8.62
R5 8.63
17.5 4
y
Variety 17.02
- Oca.INIA.407 K eny.Red...INIA Molina... Salcedo 157 ~
1504 | # ocakenyRed Sicuani. Cusco 14.94

4% Oca.K.eny.Yellow...Capachica
1“ Oca.K.eny.Yellow...Yunguyo

12.51

[9.08
10.0 / p—
849 A a'; .01

f 8.24 | - ,',-3-- 92 :

°Brix

Time (hours)

Fig. 3: °Brix evolution in Oxalis tuberosa L. ecotypes during sun-induced
sweetening behavior of the four evaluated varieties
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Two-way ANOVA indicated that both sun-curing time
and oca ecotype significantly affected °Brix values
(p < 0.001), with a significant time x ecotype
interaction (p < 0.01), demonstrating variety-
dependent sweetening.

Red-pigmented ecotypes exhibited higher °Brix
values and steeper increases over time. Oca INIA
407 K'eny Roja Molina—Salcedo showed the most
pronounced response, increasing from 8.90 °Brix
at the initial measurement to 17.02 °Brix after 10
h of exposure. Oca K’eny Roja Sicuani—Cusco
also displayed a consistent increase, albeit at a
slower rate (7.94-9.54 °Brix). In contrast, yellow
ecotypes showed more moderate and homogeneous
sweetening patterns. Oca K’eny Amarilla Capachica
increased gradually from 5.46 to 9.14 °Brix, while
Oca K’eny Amarilla Yunguyo exhibited stable
behavior with minimal temporal fluctuations
(7.82-9.98 °Brix). Overall, the temporal curves
confirm that red ecotypes respond more intensely
to solar exposure, whereas yellow ecotypes exhibit
smoother sweetening. These differences highlight
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the influence of varietal pigmentation and genotype-
specific metabolic responses on total soluble solids
accumulation during traditional Andean sun-curing.

Overall, the combined curves show that red-
pigmented ecotypes respond more intensely to
solar radiation, reaching higher °Brix concentrations
and steeper increases, whereas yellow varieties
exhibit slower, smoother, and more controlled
sweetening. These patterns indicate that varietal
pigmentation and genotype-specific metabolic
pathways strongly influence the rate and magnitude
of sugar accumulation during traditional Andean sun
exposure.

Figure 4 presents the time-based visual evolution of
four oca ecotypes, two red and two yellow, over 10
hours after cutting, together with the corresponding
changes in °Brix values. All samples show a
gradual darkening of the exposed surface and slight
structural modifications linked to early oxidative
reactions and moisture loss.

(Oca INIA 407 K'eny | Red | Salcedo

Oca K'eny | Red | Sicuani

Oca K'eny | Yellow |Capachica

Oca K'eny | Yellow|Yunguyo

Image sequence

°Brix variation

Fig. 4: Visual changes and °Brix variation in four oca ecotypes
during 10 hours of post-cut exposure

In parallel, the °Brix curves show a progressive
rise in soluble solids, suggesting concentration
effects from dehydration and possible enzymatic
transformations within the tissue. Overall, the
sequence shows how visual deterioration correlates
with shifts in sweetness and soluble compound
concentration that naturally occur after the tuber’s
exposure to air.

The following figure illustrates the temporal color
progression of four ecotypes, Salcedo, Sicuani,
Capachica, and Yunguyo (Figure 5), over a 10-hour
post-cut period. Through RGB-based heatmaps
and HSV color wheel mapping. All images were
acquired under controlled illumination conditions
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using a fixed light source and camera settings.
Color values were normalized using a reference

CHROMATIC ANALYSIS SEGMENTED BY VARIETY
Hue-Value Distribution (07 to 60°) | Sat: 100%

Oca K'eny | Red | Sicuani

07160°

Oca INIA 407 K'eny | Red | Salcedo

0%/60°

Oca K'eny | Yellow |Capachica

0%/60° 0%/60°

Value / Brightness (%)

Oca K'eny | Yellow]Yunguyo
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background to minimize illumination bias prior to
RGB-HSV conversion.

HSV Color Wheel: Hue vs Value
Fixed saturation 100% | Hue range: 0° to 360°

Fig. 5: Temporal color changes in four Oca ecotypes are
represented through RGB-based heatmaps

Chromatic analysis in the HSV (Hue-Saturation-
Value) space reveals distinct degradation patterns
between red and yellow oca ecotypes. Red
varieties (V1: Salcedo and V2: Sicuani) exhibited
significant instability; most notably, V2 showed a
drastic hue shift from 7.8° to 9 °, indicating rapid
pigment oxidation toward deeper red-brown tones.

Map of Boundaries (fractals)

Conversely, yellow varieties (V3: Capachica and
V4: Yunguyo) demonstrated superior chromatic
robustness, maintaining hue values within the
35°- 46° range. Despite differences in stability, all
ecotypes showed a marked decline in luminosity
(L) by the tenth hour (H10), with values dropping to
59.7%—68.1%.

Oca INIA 407 K'eny | Red | Salcedo

0h 4h

Fractal Dimension (FD)
§

10h

0h 2h 4h 6h 8h

Evolution of Fractal Dimension in Oca Varieties
Temporal comparison (0-10 hours) by origin and color

w
S

[}
S

@

1.104

o

0 2 H 6 3 10
Time (Hours)

@ Red Oca (INIA407) flF Yellow Oca (Capachica)
Variety and Location:

e Red Oca (Sicuani) Yellow Oca (Yunguyo)

Source: Image processing analysis | LOESS smoothing

Fig. 6: Fractal dimension dynamics and morphological boundary maps of oca varieties (0-10 h)
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The comprehensive analysis of the provided data
shows that Fractal Dimension and Brix content
(soluble sugars) are distinct quality attributes that
are non-linearly correlated across the Oca varieties
studied (Figure 6).

While Brix content shows a consistent monotonic
upward trend across all varieties over the sampling
period (ranging from initial lows of 5.46 to highs of
17.02), consistent with the continuous hydrolysis
of starch into sugars during maturity, the Fractal
Dimension (Df) exhibits a variety-specific, fluctuating
pattern within the range (1.148, 1.363). This
fluctuation is particularly noticeable in Roja Molina
and Amarilla Yunguyo, which reach their peaks of
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morphological complexity (approximately 1.300-
1.347) early in the process before declining, despite
the uninterrupted increase in Brix. The lack of a
direct correlation suggests that D, derived via the
Box-Counting method, is an extremely sensitive
metric for changes in superficial microstructure
(roughness, turgidity) induced by initial processing
or differential dehydration. In contrast, Brix primarily
reflects internal metabolic processes (starch-to-
sugar conversion).

The heatmap clearly shows the Pearson correlation
coefficients (r) between the Brix index and the
Fractal Dimension across four Oca variety-location
combinations (Figure 7).

Brix-Fractal Correlation Map by Variety and Location

-0.116 0.57 -0.304

V1 V2 V3 V4
Variety and Location
: - Variety and Location Reference:
Correlation Coefficient V1: Oca INIA 407 K'eny | Red | Salcedo
‘ _ V2: Oca K'eny | Red | Sicuani

10 05 0.0 05 10 V3: Oca K'eny | Yellow |Capachica

V4: Oca K'eny | Yellow|Yunguyo

Fig. 7: Brix—Fractal Correlation by Oca Variety and Location

The analysis reveals a diverse set of relationships,
with a strong emphasis on positive correlations
among specific Andean ecotypes. The most notable
result is a robust positive correlation (r = 0.855) for
the V2 variety (Oca K'eny Red Sicuani). This highly
significant value indicates that, in this ecotype and
locality, increases in structural complexity (Fractal
Dimension) are strongly and linearly associated
with higher sugar content (Brix index), suggesting
an optimal structural profile linked to superior quality
metrics. A moderately strong positive correlation
(r = 0.570) for V3 (Oca K'eny Yellow Capachica)
further supports this trend. Conversely, the analysis
highlights weak to negligible negative relationships,
specifically a weak negative correlation (r = -0.304)
for V4 (Oca K'eny Yellow Yunguyo), where increased
complexity is slightly linked to reduced sweetness,
and a near-zero correlation (r = -0.116) for V1

(Oca INIA 407 K'eny Red Salcedo), demonstrating
independence between the two parameters in that
combination. Two-way ANOVA revealed that both
sun-curing time and oca variety had a significant
effect on °Brix values (p < 0.001), with a significant
time x variety interaction (p < 0.01), indicating
varietal differences in sweetening.

Discussion

Castarneta et al.," demonstrated that sun
exposure in Oxalis tuberosa L. induces significant
physicochemical changes, primarily driven
by moisture loss and increased soluble solid
concentration rather than uniform biochemical
transformation. This pattern aligns with the moderate,
variety-dependent correlations between °Brix and
fractal parameters observed in this study, indicating
that sweetening during asoleado follows distinct
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trajectories depending on genotype and growing
location.®% These correlations describe temporal
co-evolution rather than direct causality. The two-
way ANOVA results confirm that exposure time
and oca ecotype significantly affect °Brix values
(p<0.001), with a significant time x ecotype interaction
(p < 0.01), demonstrating that red-pigmented
varieties respond more intensely to solar exposure
than yellow varieties, suggesting intrinsic differences
in starch hydrolysis rates or sugar precursor
availability.

From a structural perspective, Peleg,? and Garcia-
Armenta and Gutiérrez-Lopez,"” established that
fractal dimension robustly describes surface
complexity arising from dehydration-induced
microstructural rearrangements. The contrasting
correlations between °Brix and fractal dimension
across varieties suggest that physical surface
evolution is not linearly coupled to sugar
concentration, consistent with previous findings in
food systems undergoing drying.'®2°2” The strong
positive correlation between °Brix and exposure
time (r = 0.88-0.94) provides quantitative validation
of traditional sun-curing practices, indicating
that exposure duration can serve as a reliable
predictor of soluble solid content, thereby enabling
standardization of the sweetening process for
agroindustrial applications

Regarding visual attributes, Pedreschi et al.,*"
highlighted that color changes during dehydration
are strongly linked to surface irregularities and
oxidation phenomena rather than to soluble solid
content alone. This explains the weak association
among color, °Brix, and fractal behavior detected
here, reinforcing the notion that color degradation
evolves semi-independently under solar exposure.*®
The moderate-to-strong correlations between
color and °Brix (r = 0.76-0.85), though statistically
significant, are notably weaker than the time-°Brix
relationship, reflecting the distinct kinetics of
enzymatic browning and pigment oxidation, which
are accelerated by solar exposure but not directly
driven by sugar accumulation.

Overall, in agreement with Campoverde Caicedo
and Meneses Quelal,*® the results confirm that
postharvest responses in oca are genotype-
dependent and multidimensional. Integrating
°Brix, fractal analysis, and color metrics provides a
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more comprehensive framework for characterizing
sweetening and structural changes during traditional
sun-drying processes.*

Conclusion

Traditional sun-curing under high-altitude Andean
conditions produced significant, time-dependent
increases in total soluble solids (°Brix) in Oxalis
tuberosa L., with clear differences among ecotypes.
Red-pigmented varieties exhibited faster and
higher °Brix accumulation than yellow ecotypes,
confirming genotype-dependent sweetening during
solar exposure. The strong positive correlation
between exposure time and °Brix (r = 0.88-0.94)
validates the empirical knowledge of Andean
farmers and demonstrates that sweetening follows
predictable kinetic patterns. Surface morphological
analysis revealed dynamic and variety-specific
changes in fractal dimension, with a non-linear
relationship to °Brix that varies by ecotype and
locality. Fractal dimension should be interpreted
as a complementary descriptor of post-harvest
surface dynamics rather than a universal proxy
for sweetness. The integration of digital image
analysis, fractal geometry, and physicochemical
measurements provides an objective framework
for characterizing traditional sun-curing processes.
This multiparametric approach enables data-driven
decision-making for optimizing post-harvest handling
and improving quality consistency. The genotype-
dependent responses suggest that breeding
programs could prioritize oca varieties with superior
sweetening kinetics, enhancing competitiveness
in regional and international markets. This study
is limited by evaluation of a single curing duration
(10 hours), a restricted number of ecotypes (four
varieties), and field-based environmental variability
(cloud cover, wind, microclimate). The study did not
include enzymatic assays or detailed sugar-profile
analyses. Future research should incorporate
controlled radiation conditions, expanded varietal
sampling, enzymatic and sugar-profile analyses,
longitudinal tracking of individual tubers, and
integration of genomic data to refine morphological
indicators as decision-support tools in post-harvest
management.
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