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ABSTRACT

Sensory characteristics determine wine acceptance. In Peru, the heritage grape variety Negra
Criolla is widely cultivated for winemaking; however, the evolution of its sensory and chemical
profile during bottle storage remains unexplored. Accordingly, this study aimed to evaluate
changes in the sensory profile of Negra Criolla red wine during bottle storage and relate these
changes to the evolution of dissolved gases (free SO,, CO,, and O,). Before bottling, free SO,
levels of wines from the Tacna (2021 vintage) and Moquegua (2022 vintage) terroirs were
adjusted to target doses of 15, 30, and 45 mg/L. Sensory characterisation was evaluated using
the Check-All-That-Apply (CATA) acceptance test, and dissolved gases were quantified. The
results showed that bottle storage time influenced SO, and O, levels, thereby affecting the
sensory profile and acceptance. Wines with 15 mg/L free SO, showed a faster depletion of
free SO,, higher dissolved O, concentrations, loss of fruity aromas, and colour shifts towards
garnet and brick-red hues. In contrast, wines with 30 and 45 mg/L maintained lower O, levels
and desirable attributes. Overall acceptance decreased slightly from the fourth month onwards.
However, these results should not be generalised, as the initial state of the wine may have been
influenced by uncontrolled factors prior to bottling. In conclusion, under the conditions of this
study, an integrated assessment of the sensory profile and the evolution of SO, and O, levels
during the first year of storage is essential to determine the ageing potential of this wine.

IEGAYELUI Pervvian wine, Vitis vinifera, botile ageing, sensory analysis, checkallthatapply

(CATA), consumer acceptance
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INTRODUCTION

Wine production in Peru began in the early 16th century
with the arrival of Spanish colonisers and missionaries, who
introduced Vitis vinifera to the Americas (Lacoste, 2004;
Toro-Lira, 2018). Historically, grape cultivation in Peru
developed in the coastal and Andean valleys (Gade, 2005;
Huertas Vallejos, 2004). Currently, wine production extends
along the coastal strip of Peru, encompassing the valleys of
La Libertad, Ancash, Lima, Ica, Arequipa, Moquegua, and
Tacna, as well as inter-Andean valleys such as Apurimac
and Cusco (Peruvino, 2026). According to statistical reports,
wine production in Peru increased from 15.1 to 19.2 million
litres between 2019 and 2024 (OIV, 2026).

One of the most widely cultivated grape varieties in
Peru’s wine-growing valleys is ‘Negra Criolla’ or ‘Negra
Corriente’, a descendant of Listan Prieto (VIVC 6860),
according to the Vitis International Variety Catalogue
(Rockel et al., 2026). This variety is also known as ‘Pais’
or ‘Mission’, or ‘Criolla Chica’ in other American countries
(Lacoste, 2021; Martinez et al., 2006; Tapia et al., 2007).
In Peru, it is currently cultivated for the production of both
wine and pisco (Palma et al., 2025; Saldafia et al., 2025)
and has been described as robust, resilient, highly
productive, and possessing oenological potential (Gutiérrez-
Gamboa et al., 2019). However, available research remains
limited and has primarily focused on factors influencing
phenolic compound extraction during winemaking
(Coaguila, 2019; Delgado, 2017; Georffino, 2016), whereas
the sensory evolution of these wines during bottle storage is
still poorly understood.

From a sensory perspective, wine quality at the point
of consumption depends not only on the winemaking
process but also on its evolution during bottle storage
(Hidalgo, 2018). During storage, chemical reactions modify
the wine’s colour, aroma, flavour, and mouthfeel, thereby
affecting its ageing potential (Mercanti et al., 2024). These
changes are influenced by the initial composition of the wine
(Jackson, 2020; Waterhouse ef al., 2024) and by storage
conditions such as time, ambient temperature and humidity,
light exposure, bottle volume, bottle position, and closure
type (Mercanti ef al., 2024; Zhang et al., 2023).

Some of the reported modifications in sensory attributes
during bottle storage include: (i) visual changes, such as
a reduction in violet hues and a progressive shift towards
orange and yellowish tones, as observed in Malbec
wines after 24 months and in Plavac Mali red wines after
38 months of storage (Curko et al., 2021; Giuffrida de
Esteban et al., 2019); (ii) changes in taste attributes, where
young Cabernet-Sauvignon red wine after 3 to 6 months
of storage, exhibited a fresh character and good aftertaste,
and developed a more pleasant flavour after 15 months
(Gao et al., 2015), with greater improvement when stored
horizontally (Venturi et al., 2017). Regarding astringency,
several studies have shown that both astringency and
bitterness decrease during bottle ageing, as observed in
Plavac Mali wine after 38 months and in Aglianico red wine

after 42 months (Curko et al., 2021; Gambuti et al., 2012).
Similarly, after five years of storage, Aglianico and
Casevecchia wines sealed with Nomacorc Select 300 closures
exhibited softer, silkier, and velvety astringency, with a slight
dryness in the mouth (Gambuti et al., 2020); (iii) evolution
of olfactory attributes: Malbec wines stored for 24 months at
25 °C developed aromas of dried fruits and dried vegetables
(Giuffrida de Esteban et al., 2019). Likewise, Meili rosé wine
exposed to ultraviolet light for 160 days showed a decrease
in floral and fruity aromas and an increase in cooked and
oxidative notes, whereas wine stored in darkness retained
red-fruit aromas (Lan et al., 2021).

On the other hand, several studies have shown that during
bottle storage, a continuous gas exchange occurs between
the inside and outside of the bottle, allowing small amounts
of oxygen (O,) to enter and alter the sensory quality of
wine (Crouvisier-Urion et al., 2018; Echave et al., 2021,
Lopes et al., 2007; Lopes et al., ,2009; Zhang et al., 2023).
Therefore, sulfur dioxide (SO,) is added due to its antioxidant
and antimicrobial properties (Ferrer-Gallego et al., 2018;
Giacosa et al., 2019). However, excessive SO, produces
reductive off-odours such as rotten egg, truffle, garlic,
cabbage, burnt rubber, or onion (Ailer et al., 2022;
Siebert et al., 2010), while low SO, combined with high
dissolved O, promotes oxidation, anthocyanin degradation
(responsible for the violet colour of red wine), and loss
of fruity aromas and freshness (Echave ef al., 2021,
Gabrielli et al., 2021). Consequently, maintaining an
appropriate balance between O, and SO, is essential.
A free SO, range of 20-40 mg/L is considered adequate for
red wines, with approximately 30 mg/L recommended as
optimal (OIV, 2021; Waterhouse ef al., 2024).

Overall, scientific evidence confirms that bottle storage alters
a wine’s sensory profile and that maintaining appropriate
dissolved gas concentrations helps preserve desirable sensory
attributes. However, in the context of Peruvian wines,
there is a significant knowledge gap regarding the sensory
evolution of the Negra Criolla variety during bottle storage.
Furthermore, the management of SO, as a preservative
remains a challenge for small wineries in Peru. Therefore,
this study aimed to evaluate the sensory profile of Negra
Criolla red wine during bottle storage and its relationship
with various chemical components.

MATERIALS AND METHODS

1. Samples

The samples were selected using non-probability, criterion-
based sampling, considering the soil and climatic conditions
of the Tacna (18° 04’ 26.0" S, 70° 19" 41.5" W) and
Moquegua (17° 09’ 40.5" S, 70° 55" 33.0" W) terroirs. To
ensure sensory authenticity, wines produced by spontaneous
fermentation with indigenous yeasts were selected,
preserving the microbial typicity of each area. The selected
wine from Tacna (2021 vintage) was produced from Negra
Criolla grapes harvested from 10-year-old vines trained
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under a Spanish pergola system and managed with gravity
irrigation. Grapes were manually harvested at a potential
alcohol content = 14.15 % (v/v) and a titratable acidity of
5.5 g/L (as tartaric acid), with an average yield of 15.0 t/ha.
Vinification was carried out by spontancous fermentation
in 1,200 L stainless steel tanks. Alcoholic fermentation
lasted two weeks, followed by malolactic fermentation
for three weeks, during which the wine was racked three
times. After completion of fermentation, the wine was
clarified and filtered prior to further analysis. The selected
wine from Moquegua (2022 vintage) was produced from
grapes harvested from vines over 30 years old, trained on a
vertical trellis system, and managed under gravity irrigation.
Harvesting was carried out manually at a potential alcohol
content = 13.11 % (v/v) and a titratable acidity of 5.3 g/L (as
tartaric acid), with an average yield of 10.2 t/ha. Vinification
was conducted via spontaneous fermentation in 2,750 L
high-density polyethylene (HDPE) tanks for two weeks. The
wine subsequently underwent malolactic fermentation for
four weeks, followed by three rackings. Finally, the wine was
clarified and filtered prior to analysis. Neither wine was in
contact with oak during vinification or storage.

2. Reagents

The following reagents were used: potassium metabisulfite
(K,S,0,), 0.1 N sodium hydroxide solution, 5 N sodium
hydroxide solution, 0.30 M sodium hydroxide solution,
0.025 M potassium chloride, 1 % phenolphthalein indicator,
activated carbon, 0.1 N sodium thiosulfate solution,
phosphoric acid, 0.3 % hydrogen peroxide, and 0.02 N
sodium hydroxide.

3. Sample conditioning and preparation

The sample conditioning and preparation process was carried
out in four stages (Figure 1):

3.1. Reception

A total of 120 L of dry red wine (Negra Criolla variety)
was obtained from terroirs in Tacna and Moquegua, after
completion of malolactic fermentation. The Tacna wine
(2021 vintage) was acquired in August 2022, whereas the
Moquegua wine (2022 vintage) was obtained in October
2022. Prior to acquisition, the wines had been stored in
2750 L HDPE tanks under commercial winery conditions at
ambient temperature. Upon receipt, the samples were stored
under controlled conditions (16 °C, in darkness) for two
months (Tacna wine) and two weeks (Moquegua wine).

Although vintage and prior storage history were not
considered experimental factors, a rigorous standardisation
protocol was implemented before the addition of potassium
metabisulfite to minimise initial variability. This included
conducting baseline chemical analyses of pH, titratable
acidity, alcohol content, reducing sugars, volatile acidity, free
SO,, and dissolved O, for both wines.

3.2. Conditioning

Subsequently, 120 L of each wine were transferred into three
40 LHDPE vessels, in which free SO, and dissolved O, levels
were rechecked to ensure homogeneous initial conditions.
This protocol minimised initial variability; consequently,
the trends observed during storage could be attributed
to SO, behaviour and oxygen evolution in the bottle. On
the same day, before bottling, potassium metabisulfite
was added to achieve target free SO, doses of 15, 30, and
45 mg/L, corresponding to treatments T, » Ly and T, for
Tacna wines, and M, M, , and M, for Moquegua wines.
This adjustment was performed by adding an aqueous
K,S,0, solution standardised by specific gravity at 20 °C

(Zoecklein et al., 1995). The SO, partitioning approach
(Peynaud, 1999) was applied, taking into account that
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FIGURE 1. Diagram of conditioning and preparation of dry red wine samples of the Negra Criolla variety from

Moquegua and Tacna.
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a fraction of the added SO, binds to wine constituents. The
pH values of Tacna (3.55) and Moquegua (3.71) wines were
also considered to achieve a molecular SO, concentration
of 0.5 mg/L, thereby ensuring microbiological stability in
red wines.

3.3. Bottling

The wine was bottled in 0.75 L olive-green, Bordeaux-style
glass bottles. Before bottling, each bottle was purged with
inert gas (CO,) for 1 s to minimise oxygen contamination.
Corking was performed using a manual corking machine,
with one-piece, cylindrical first-grade corks (45 x 24 mm)
purchased from Cork Peru. The Tacna wine was bottled on
3 November 2022 and the Moquegua wine on 17 November
2022. Bottling day (day 0) was defined as the starting point
of the study, and all subsequent days were considered part of
the bottle storage period. Data reported as ‘day 0’ correspond
to the initial wine analysed prior to the addition of K,S O
and the bottling process.

3.4. Storage

Storage was carried out under controlled conditions at 16 °C,
in darkness, with bottles stored horizontally. The storage
periods for chemical analyses were 259 days for the Tacna
wine and 244 days for the Moquegua wine, whereas those for
sensory analyses were 265 days and 251 days, respectively.
During storage, at each sampling point, three independent
bottles per treatment were analysed for the determination of
dissolved gases (free SO,, CO,, and O,) and sensory analysis,
with each wine bottle considered an experimental unit.

4. Chemical analysis of the wine
The following parameters were determined:

— The pH was measured potentiometrically using a
precision portable pH meter (Hanna Instruments, model
HI98128, pHep®S5, Woonsocket, RI, USA) (O1V, 2025).

— Titratable acidity was determined by acid-base titration
using 0.1 N NaOH. A 5 mL aliquot of previously degassed
wine was diluted with 25 mL of distilled water, followed
by the addition of three drops of phenolphthalein as an
indicator. The solution was then titrated until a blue—
violet colour change was observed in red wines (Garcia-
Barcelo, 1990).

— Alcoholic strength by volume was determined by
densimetric (aerometric) measurement following prior
distillation, using an alcoholometer calibrated at 20 °C
(OLV, 2025).

— Volatile acidity was quantified using the Garcia-Tena
method, based on the fractional distillation ofan 11.00 mL
wine sample to obtain two consecutive fractions (5.1 mL
and 3.2 mL), followed by titration of the second fraction
with 0.02 N NaOH, using phenolphthalein as an indicator
(Garcia-Barceld, 1990).

— Reducing sugars were determined using the Luff
method, based on the oxidation of an aliquot of defecated
wine with an alkaline copper solution (Luff reagent).
The excess unreduced cupric ions were quantified by
iodometric titration after the addition of potassium

iodide under acidic conditions. The liberated iodine was
then titrated with sodium thiosulfate, using starch as a
colourimetric indicator (Bordeu & Scarpa, 1998).

— Free SO, was determined by the aspiration method, in
which molecular SO, in an acidic medium is removed
by a stream of air. The volatilised SO, was recovered
in a neutral hydrogen peroxide solution, where it was
oxidised to sulfuric acid. The resulting acid was then
titrated with a standardised 0.01 N NaOH solution
(Bordeu & Scarpa, 1998).

— Dissolved CO, was determined using the Janny
volumetric method with a Carbodoseur (Laborglass,
Sdo Paulo, Brazil; standard model, 100 mL + 1.0 mL
at 20 °C; range 0-2.0 g/L). The method is based on
measuring the volume of wine displaced by gas released
during degassing by mechanical agitation. When the
sample is agitated in a closed system, the released CO,
generates internal pressure that expels a portion of the
wine through a hollow rod. This decrease in liquid level
allows the concentration of dissolved gas to be quantified
(Bordeu & Scarpa, 1998).

— Dissolved O, was measured using an electrochemical
system with a dissolved oxygen meter (Hanna
Instruments, model HI9146, Woonsocket, RI, USA)
(Bordeu & Scarpa, 1998).

To ensure the reliability of dissolved gas measurements and
minimise contact with atmospheric oxygen during bottle
opening, a standardised protocol was implemented. Sample
temperature was stabilised at 20 °C by pre-conditioning
the laboratory the day before analysis. The sequence of
measurements was dissolved O,, then dissolved CO,, and
finally free SO,. Dissolved O, was measured immediately
after bottle opening and probe insertion, taking advantage of
the rapid response of the electrochemical sensor to minimise
gas exchange. For each treatment, three independent units
were analysed individually and sequentially.

5. Sensory analysis

The study was conducted in accordance with the World
Medical Association Code of Ethics (Declaration of
Helsinki). Participation was anonymous and voluntary.
Before the test, participants provided informed consent by
accepting the statement ‘I agree to participate in the sensory
evaluation’ (Supplementary material), with an affirmative
response required to proceed. Participants were also informed
that they could withdraw from the study at any time without
providing justification. Sensory analysis was conducted
throughout the bottle storage period in five sessions for each
wine at different time points (days 15, 48, 139, 201, and 265
for the Tacna wine, and days 1, 34, 125, 187, and 251 for the
Moquegua wine). Evaluations were carried out in individual
booths under controlled conditions, with white lighting and
an ambient temperature of 20 + 1.0 °C. Samples were served
in ISO 3591:1977 tasting glasses (ISO, 1977) and coded with
three random digits. Each participant received six 30 mL
samples, presented individually, served at 18 + 1.0 °C. Water
was provided for palate cleansing.
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The order of sample presentation was balanced using
Williams’ Latin squares design to minimise first-order and
carry-over effects (Macfie et al., 1989). Approximately
50 participants were recruited for each evaluation session.
Participants included students, academic staff, administrative
staff, and external consumers from the Universidad
Nacional de Moquegua (UNAM). During recruitment,
only basic information about the study was provided.
Before tasting, participants completed a brief questionnaire
on sociodemographic data and wine consumption habits
(Supplementary material).

Sensory quality was evaluated using an acceptance test
based on a structured 9-point hedonic scale, anchored at the
extremes by ‘1 = dislike extremely’ and ‘9 = like extremely’
(Peryam & Pilgrim, 1957). Participants then selected the
attributes that best described each wine according to its
visual, olfactory, and gustatory characteristics using the
Check-All-That-Apply (CATA) method (Ares et al., 2010;
Delarue & Lawlor, 2023), which included 29 sensory
attributes: eight visuals (turbidity, colour intensity,
clarity/transparency, bright, ruby-red, garnet, brown, brick-
red), eight olfactory (sweet aroma, wood, grape, raisins,
nuts, herbaceous, vinegar, red-fruit), seven gustatory (bitter,
astringent, sour, spicy/alcoholic, fruity, sweet, grape skin),
and six retronasal aroma (wood, acidic, yeast, fig, fruity,
and raisin). These descriptors were generated by a panel of
experts (winemakers and winery managers) and subsequently
validated against the scientific literature (Biasoto et al., 2014;
Koussissi et al., 2002; Mahieu et al., 2020; Obreque-
Slier et al., 2024; Sivertsen et al., 2001).

6. Statistical analysis

The results of dissolved gases (free SO,, CO,, and O,) were
analysed using two-way analysis of variance (ANOVA)
considering storage time and target free SO, dose (fixed
effects). Tukey’s post-hoc test was applied when significant
differences were detected (p < 0.05). Residual normality
(Shapiro—Wilk test) and homogeneity of variances (Levene’s
test) were verified prior to ANOVA.

Overall acceptance was analysed using ANOVA,
considering storage time and target free SO, dose (fixed
effects), and consumers (random effect). Residual normality
(Shapiro—Wilk test) and homogeneity of variances (Levene’s
test) were verified beforehand; as these assumptions were
not met for the Tacna wine, the data were transformed using
the Box—Cox method (Bergmeir et al., 2016). Subsequently,
ANOVA was applied to the transformed data and, when
significant differences were detected, Tukey’s post-hoc test
was used (p < 0.05).

For the sensory profile obtained through the CATA method,
Cochran’s Q test was applied (p < 0.05) to identify
significant differences in attribute frequencies among
samples (Cochran, 1950). Correspondence analysis (CA)
was then performed (Aldas & Uriel, 2017). To assess
the stability of the sensory profile in the CA space, 95 %
confidence ellipses (o = 0.05) were constructed using
bootstrap resampling (1000 replicates), applying Procrustes

rotations to the significant axes (Cadoret & Husson, 2013;
Saldafia er al.,, 2019). These ellipses represent the
multidimensional stability of the samples, whose overlap
indicates similarity.

All chemical and sensory analyses were conducted using
R software (version 4.5.2).

RESULTS

1. Chemical analysis of wine

Table 1 presents the general chemical parameters of the
initial wines (prior to K_S O, addition) and at the end of the
evaluation period.

Values are expressed as mean + standard deviation (n = 3).
Different lowercase letters within the same row indicate
statistically significant differences (Tukey’s test, p < 0.05).
Tacna wines (T, T,,, and T,,) and Moquegua wines (M,
M, , and M,) correspond to target free SO, doses of 15, 30,
and 45 mg/L, respectively. N/D: not determined. Reducing
sugars were not analysed at the end of the study period.

The Tacna wine (2021 vintage) showed residual sugar
levels below 4 g/L, confirming its classification as a dry
wine. Moreover, pH, titratable acidity, and volatile acidity
remained stable throughout the study period, except that
titratable acidity in treatment T  ; increased slightly from 7.55
to 8.17 g/L. Alcohol content decreased slightly over time,
particularly in T, from 14.13 % to 13.87 %.

15>

Thehighinitial titratable acidity in Tacna wine can be attributed
to the addition of tartaric acid, a common practice in the warm
coastal valleys of southern Peru. However, the relatively
high pH could be associated with the buffering capacity
of the wine and the presence of cations, such as potassium
(Rajkovi¢ et al., 2007). The slight variation in acidity in
T,, may be linked to hydrolysis reactions and the release
of acids from phenolic degradation (Monagas et al., 2005).
Additionally, the high titratable acidity values observed
in the initial Tacna and Moquegua wines may have been
slightly overestimated due to the visual titration method using
phenolphthalein, whose endpoint occurs at pH 8.2.

The Moquegua wine (2022 vintage) was also classified as
dry, with stable pH and titratable acidity throughout the
study period. Alcohol content showed a slight decrease in
treatment M, from 12.70 % to 12.20 %. A minor increase in
volatile acidity was observed at the end of the storage period

in treatments M, and M,

1.1. Temporal evolution of free SO,, dissolved CO,, and
dissolved O, during storage

1.1.1. Free sulfur dioxide (SO,)

As anticipated, significant differences in free SO, levels
were maintained between treatments within each wine
type (Tacna and Moquegua) throughout the storage period
(Supplementary Material). These statistical differences
confirm the distinct chemical evolution of each treatment
level independently for both origins.
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In the Tacna wine (2021 vintage), free SO, levels in the
initial wine (prior to K,S,0, addition) were consistently low,
ranging from 6.80 to 10.53 mg/L. Following the addition of
K,S,0, and post-bottling, concentrations reached maximum
values on day 1, with mean values of 17.60 mg/L (T ),
33.60 mg/L (T,)), and 58.00 mg/L (T,). Subsequently, a
continuous decrease was observed across all treatments until
the end of the study period (day 259), reaching final values of
4.33,9.33, and 18.93 mg/L, respectively (Figure 2A).

For Moquegua wine (2022 vintage), initial free SO, levels
(prior to K, SO, addition) ranged from 10.37 to 13.20 mg/L.
Following the addition of K,S,0, and post-bottling, the
highest values were recorded on day 7, with mean values of
20.67 mg/L (M, ), 37.20 mg/L (M, ), and 65.60 mg/L (M,;).
Thereafter, levels gradually declined, reaching final values
on day 244 of 10.33, 14.67, and 31.30 mg/L, respectively
(Figure 2B).

The free SO, concentrations measured on day 1 after
bottling were slightly higher than the previously established
theoretical target doses (15, 30, and 45 mg/L). These
concentrations correspond to adjustments calculated prior to
bottling by adding potassium metabisulfite and determined
according to pH-dependent equilibrium conditions. However,
the analytical values obtained on day 1 represent the effective
free SO, concentration after homogenisation of the wine
matrix and initial oxygen exposure during bottling. In
wine, free SO, is distributed in dynamic equilibrium among
its molecular, bisulfite, and sulfite forms, and it rapidly

reacts with carbonyl compounds such as acetaldehyde and
ketoacids (Tachtalidou et al., 2022). Simultaneously, oxygen
incorporation during bottling initiates early redox reactions
that may transiently influence the measurable free fraction.
Therefore, the concentrations recorded on day 1 reflect
the post-bottling equilibrium state rather than strictly the
theoretical dose added.

From a dynamic perspective, the experimental relevance
lies in the subsequent depletion pattern rather than in the
initial absolute value. In both wines, all treatments showed
a progressive decrease in free SO, during bottle storage,
indicating ongoing oxygen-related consumption reactions.
The rate of decline depended on the treatment, being faster at
15 mg/Land slower with 45 mg/L. This behaviour suggests
that antioxidant capacity during bottle ageing is determined
by the balance between initial SO, availability and oxygen
ingress (Danilewicz & Standing, 2018; Sacks et al., 2020;
Miao & Waterhouse, 2025).

The difference in total monitoring duration between Tacna
(259 days)and Moquegua (244 days) wines reflects independent
bottling dates, with each wine evaluated relative to its own
bottling point (day 0), thereby ensuring internal consistency in
the temporal analysis. Since the objective was to characterise
storage dynamics rather than to establish a chronological
equivalence between origins, this slight difference in total
observation time does not affect the interpretation of SO,
depletion trends or dissolved oxygen behaviour.

TABLE 1. General chemical parameters of Negra Criolla variety red wine from Tacna and Moquegua.

15 mg/L 30 mg/L 45 mg/L
Chemical parameters Initial wine
(TTS/M'U) (TSO/M3O) (TAS/MAS)
Tacna wine (2021 vintage), final values (259 days)
Titratable acidity
7.55+£0.09 a 8.17+0.21b 7.80+0.30 a 7.83+£0.254a
(g/L tartaric acid)
pH 3.55+£0.05a 3.53+£0.01 a 3.53+£0.01 a 3.56 £ 0.01 a
Alcohol content
14.13+0.12 a 13.87 + 0.06 b 14.00 + 0.10 ab 14.10 £ 0.10 ab
(% vol.)
Reducing sugars
3.81 £0.08 N/D N/D N/D
(g/L glucose)
Volatile acidity
0.88 £+ 0.03 a 0.93+£0.02a 0.78+0.12 a 0.79+0.1T a
(9/L acetic acid)
Moquegua (2022 vintage), final values (244 days)
Titratable acidity
5.58+0.24a 5.67+0.15a 547 +0.15a 535+0.15a
(g/L tartaric acid)
pH 3.71 £0.02 a 3.77 £0.01 a 3.77 £ 0.06 a 3.74 £0.04 a
Alcohol content
12.70 + 0.00 ab 12.20£0.10 ¢ 12.47 + 0.06 b 12.83+0.154a
(% vol.)
Reducing sugars
2.67 £0.12 N/D N/D N/D
(g/L glucose)
Volatile acidity
0.69 +0.01b 0.82+0.05a 0.81 £ 0.07 ab 0.76 £ 0.04 ab

(g/L acetic acid)
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Although vintage and pre-bottling storage conditions were not
controlled variables, it is acknowledged that the initial redox
state of each wine may have been influenced by factors such
as winery-specific practices, SO, levels, oxygen exposure,
and temperature prior to standardisation. These factors may
have affected both the initial oxidative state and subsequent
SO, behaviour. Consequently, the observed differences are
interpreted in terms of the chemical evolution of each wine
matrix under controlled conditions, while acknowledging the
influence of prior history.

1.1.2. Dissolved carbon dioxide (CO,)

Regarding dissolved CO, in the Tacna wines, no statistically
significant differences were observed among treatments
(Supplementary material). However, a steady decrease was
noted, reaching 0 g/L at 199 and 231 days in treatments T
and T, respectively (Figure 3A). In the Moquegua wines,
statistically significant differences among treatments were
observed (Supplementary material), with a gradual decrease
throughout the storage period. Between the first and final
evaluations, treatments M, and M, maintained relatively
stable values, decreasing from 0.32 to 0.24 g/L and from
0.36to 0.27 g/L, respectively, whereas M showed a marked
reduction, from 0.34 to 0.08 g/L (Figure 3B).

1.1.3. Dissolved oxygen (O,)

Statistically significant differences were observed among
treatments in both the Tacna and Moquegua wines
(Supplementary material). In the Tacna wine (Figure 4A),
initial dissolved O, levels (prior to K,S O, addition) were
consistently low, ranging from 0.47 to 0.53 mg/L. Following
bottling, all treatments showed a rapid initial increase,
followed by a decline between days 1 and 113, and a
subsequent sharp rise until day 167. Thereafter, treatment T
increased steadily to 3.31 mg/L (day 259), whereas T, and
T, remained relatively stable, with final values of 2.82 and
2.53 mg/L, respectively.

For the Moquegua wine (Figure 4B), initial dissolved
O, levels (prior to K,S O, addition) were similarly low,
ranging from 0.47 to 0.53 mg/L. Following a rapid post-
bottling increase and a decline until day 98, a notable rise
was observed until day 152, followed by a gradual upward
trend until day 244. This increase was most pronounced in
treatment M, (3.01 mg/L) compared to M, and M,,, which
averaged 2.90 and 2.44 mg/L, respectively.

45

2. Sensory analysis

A total of 234 consumers participated in the sensory
evaluation. The sample consisted predominantly of
individuals from Generation Z with incomplete university
education, who reported occasional consumption of red and
semi-dry wines. Participant characteristics are summarised
in Table 2.

Overall hedonic acceptance of Negra Criolla wines, assessed
using a 9-point hedonic scale with consumers, showed
significant differences associated with bottle storage in both
Tacna and Moquegua wines, according to the ANOVA test.

Tukey’s test indicated a slight decline in acceptance over time
(Figure SA-B). During the first two months of evaluation,
acceptance of both wines remained slightly above the neutral
point (4.5 on the 9-point hedonic scale). However, from
the fourth month onwards, overall acceptance decreased,
reaching levels corresponding to ‘slightly unpleasant’ on the
hedonic scale.

Correspondence analysis (CA) was used to characterise
the sensory evolution of Negra Criolla wine during bottle
storage (Figure 6). The reliability of the 234 evaluators was
assessed using Cochran’s Q test, which showed significant
differences (p < 0.05) in attribute citation frequencies. This
indicates good consumers discrimination among treatments,
supporting the robustness of the CATA method.

Figure 6a illustrates the CA for the first evaluation session
(first month), which identifies nine significant attributes
based on Cochran’s Q test. Moquegua wine, the M, treatment
was associated with brown and brick-red colours, and a red-
fruit aroma, whereas M, and M, showed similar sensory
profiles, characterised by clarity/transparency. The Tacna
wines (treatments T , T, , and T ;) exhibited similar sensory
attributes, including ruby-red and garnet colour, high colour
intensity, and a wood retronasal aroma.

Figure 6b presents the CA of the second evaluation session
(second month), in which five significant attributes were
identified using Cochran’s Q test. The three Tacna wines
(treatments T, T, , and T,,) shared a similar sensory profile,
characterised by a ruby-red colour, high colour intensity, and
red-fruit aroma. Moquegua wines showed an evolved profile,
with M ; and M associated with brown hues, while M, was
characterised by a bitter taste.

Figure 6¢ shows the CA for the third evaluation session
(fourth month), indicating ten significant attributes based on
Cochran’s Q test. Moquegua wines were characterised by
clarity/transparency, brown and brick-red colour (M, and
M,,), and raisin and acidic aromas (M,). Tacna wines were
associated with high colour intensity and ruby-red colour
(T, and T,)), while fruity and wood retronasal aromas were
linked to T, and turbidity to T,

45°
Figure 6d depicts the CA for the fourth evaluation
session (sixth month), showing six significant attributes
according to Cochran’s Q test. For the Tacna wine, the T,
treatment was characterised by colour intensity, garnet
colour, and a vinegar aroma, while treatments T,  and
T,s were associated with a sour taste. In the Moquegua
wine, treatments M, and M,, were distinguished by
clarity/transparency. The red-fruit aroma was positioned
equidistantly between T, and M, .

Finally, Figure 6e illustrates the CA for the fifth evaluation
session (ninth month), with only three significant attributes
according to Cochran’s Q test. Tacna wines (treatments T ,
T,,,and T,,) were characterised by colour intensity. Moquegua
wines (treatments M, M,, and M,,) were associated with
clarity/transparency and brick-red colour.
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FIGURE 2. Evolution of free SO, during bottle ageing in Negra Criolla red wines: Tacna (2021 vintage) (A)
and Moquegua (2022 vintage) (B). Day O corresponds to the initial wine prior to K,S,O. addition; subsequent
points represent bottle storage. Lines represent wines treated with target free SO, doses of 15 (), 30 (A), and
45 mg/L (m) prior to bottling.
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FIGURE 3. Evolution of dissolved CO, during bottle ageing in Negra Criolla red wines: Tacna (2021 vintage) (A)
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45 mg/L (m) prior to bottling.
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FIGURE 4. Evolution of dissolved O, during bottle ageing in Negra Criolla red wines: Tacna (2021 vintage) (A)
and Moquegua (2022 vintage) (B). Day O corresponds to the initial wine prior to K,S,0, addition; subsequent
points represent bottle storage. Lines represent wines treated with target free SO, doses of 15 (), 30 (A), and
45 mg/L (m) prior to bottling.

volume 60-2 | 2026 8 OENO One | By IVES


https://ives-openscience.eu/

TABLE 2. Sociodemographic profile and wine consumption habits of the participants.

Sociodemographic characteristics n=234 (%)
Female 105 44.87
Sex
Male 129 55.13
18-24 156 66.67
25-31 49 20.94
32-38 20 8.55
Age (years)
39-45 6 2.56
46-52 3 1.28
> 53 0 0.00
Unfinished university education 175 74.79
Educational level

Completed technical or university education 59 25.21
Daily 6 2.56
1 to 2 times per week 50 2.37

Frequency of consumption
1 to 2 times per month 149 63.68
1 to 2 times per year 29 12.39
Red wine 232 56.72
What type of wine do you White wine 95 23.23

inke
dl’lnk. Rosé wine 64 15.65
Sparkling wine 18 4.40
Dry 101 25.31
Based on sugar content, what .

type of wine do you drink?2 Semidry e A
Sweet 115 28.82
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FIGURE 5. Effect of storage time on overall acceptance of Negra Criolla red wine: Tacna (2021 vintage) (A)
and Moquegua (2022 vintage) (B). Different lowercase letters within the boxplots indicate statistically significant
differences in the different storage times (Tukey’s test, p < 0.05).
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The differences observed in the sensory profiles during bottle DISCUSSION

storage, although partly attributable to terroir, may also have

been influenced by pre-existing oenological factors such  Unlike previous studies focused on traditional grape varieties,
as vintage (Tacna, 2021; Moquegua, 2022), winemaking this is the first study to evaluate the association between the
practices (e.g., vessel type and spontaneous fermentation),  changes in the sensory profile of Negra Criolla dry red wine
and pre-bottling conditions (particularly the prolonged  and the evolution of dissolved gases (free SO,, CO,, and O,)
storage in an HDPE tank of the Tacna wine). during bottle storage.
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FIGURE 6. Perceptual maps of correspondence analysis (CA) of CATA data during bottle storage of Negra Criolla
red wine from Tacna (2021) and Moquegua (2022). The first to fifth assessment dates (a—e) are presented.. T, T, ,
and T, (Tacna) and M., M,,, and M, (Moquegua) correspond to target free SO, doses of 15, 30, and 45 mg/L,
respectively.
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1. Relationship between free SO,, dissolved
CO,, and dissolved O, during bottle storage

A preliminary observation from this study suggests a close
relationship among free SO,, dissolved CO,, and dissolved
O, during bottle storage. Immediately post-bottling, an initial
increase in both free SO, and dissolved O, was observed in
the Tacna and Moquegua wines. As expected, the increase
in free SO, resulted from the addition of K,S Oy prior to
bottling, whereas the rise in dissolved O, is associated
with wine agitation and direct contact with air during this
process, which can introduce between 0.5 and 1.5 mg/L of
dissolved O, (Day et al., 2015; Ferrer-Gallego et al., 2018,;
Gabrielli et al., 2021).

After bottling, free SO, declined continuously throughout the
nine-month storage in both wines. This decline is consistent
with oxygen consumption reactions, as several studies have
demonstrated a direct relationship between oxygen uptake
and free SO, loss (Danilewicz, 2016; du Toit et al., 2006;
Miao & Waterhouse, 2025). Similar behaviour has been
reported in Malbec, Cabernet-Sauvignon, and Merlot wines,
where the most pronounced reductions in free SO, occurred
between 6 and 12 months of bottle ageing (Giuffrida
de Esteban et al., 2019; Sacks et al., 2020).

According to the International Organisation of Vine and Wine
(O1V), a free SO, concentration of 25 mg/L is recommended
to ensure adequate molecular SO, during bottle storage
(O1V, 2021). In this study, after nine months of storage, all
Tacna wines (T, T, , and T,,) and Moquegua wines M, and
M, exhibited free SO, levels below this threshold. Notably,
Tacna treatments T and T, showed free SO, concentrations
below 10 mg/L, a level associated with an increased risk of
oxidation in red wines (Godden et al., 2001; Reeves, 2009;
Vidal et al., 2015). In the Moquegua wines, all treatments
maintained free SO, concentrations above 10 mg/L,
indicating greater antioxidant protection.

Regarding dissolved O, concentrations, these decreased
during the first three months of storage (day 113 for Tacna
wines and day 98 for Moquegua wines), particularly in
treatments with higher free SO, levels (30 and 45 mg/L). This
initial decline suggests active consumption of oxygen by the
antioxidant system of the wine (Pérez-Magariio et al., 2023).
Subsequently, dissolved O, levels increased from day 167
(Tacna) and day 152 (Moquegua) until the end of the study;
this rise is attributed to the gradual ingress of oxygen through
the cork by diffusion, driven by a partial pressure gradient
(Echave et al., 2021). This oxygen transfer has been reported
to range between 1.7 and 2.3 mL/month, depending on the
type of natural cork used (Lopes et al., 2006). The disparity
in dissolved oxygen between treatments (15 mg/L compared
with 30 and 45 mg/L) lay in their antioxidant capacity;
higher free SO, levels (30 and 45 mg/L) promoted dissolved
oxygen consumption, preventing its accumulation in the
liquid phase. In contrast, the 15 mg/L treatment exceeded
the critical oxidation risk threshold of 3 mg/L proposed by
Ferrer-Gallego et al. (2018), reaching 3.31 mg/L in Tacna
and 3.01 mg/L in Moquegua by the end of the study period.

Additionally, treatments with lower K S O, addition showed
a slight decrease in alcohol content together with a slight
increase in volatile acidity after approximately nine months of
bottle storage (Table 1). These observations suggest a relevant
role of sulfur dioxide in the chemical equilibrium of wine,
given that the free SO, fraction interacts with compounds
such as anthocyanins, sugars, and acetaldehyde (Waterhouse
& Laurie, 2006; Sacks et al., 2020). Acetaldehyde is
generated through the oxidative conversion of ethanol and
may subsequently lead to the formation of acetic acid, thereby
contributing to an increase in volatile acidity (Waterhouse &
Laurie, 2006; Bartowsky & Henschke, 2008). This behaviour
may have been favoured by the elevated dissolved O, levels
observed in treatments T and M, during the storage period.
In this context, the results of the present study suggest
that lower availability of free SO, could favour oxidative
processes associated with the conversion of ethanol into
acetaldehyde and subsequently into acetic acid. Nevertheless,
in the absence of microbiological and volatile compound
analyses, the reactions underlying these changes cannot be
conclusively established.

Although the addition of different target free SO, doses
(15, 30, and 45 mg/L) did not result in clear differences in
dissolved CO,, storage time led to a progressive decline in
both wines. In particular, the 15 mg/L treatment showed
near-complete CO, depletion (0.00 g/L in Tacna and 0.08 g/L
in Moquegua), indicating substantial loss under low free SO,
conditions. Considering that recommended dissolved CO,
levels in bottled wines with light pigmentation range from
0.5 to 1.8 g/L (Boulton et al., 1999), these values suggest
a progressive loss of CO,-related protection over time.
This behaviour supports its use as an indirect indicator of
closure tightness and gas exchange. However, dissolved
CO, should be interpreted as a parameter associated with
physical processes rather than as an independent marker of
the chemical or compositional changes of the wine.

2. Evolution of sensory characteristics and
acceptance during bottle storage

A second finding of this study indicates that the sensory
characteristics of the wines change significantly during
bottle storage, which in turn influences consumer acceptance.
During the first two months of storage, the Tacna wine
(2021 vintage) exhibited a typical young red-wine profile,
characterised by ruby-red and garnet colours, high colour
intensity, and a predominance of red-fruit aromas with
subtle wood aromas. Regarding the Moquegua wine
(2022 vintage), it initially displayed brown and brick-red
colour and pleasant red-fruit aromas, but later evolved
towards less desirable characteristics, such as bitter taste and
brown colour. The colour changes are mainly attributed to
the wine ageing time (Laqui-Estafia et al., 2019; Vazallo-
Valleumbrocioetal.,2017). During this period, polymerisation
and condensation reactions occur between anthocyanins
and tannins, along with oxidative pigment degradation,
promoting colour stabilisation (Baris et al., 2024; Escribano-
Bailén et al., 2019). Furthermore, the presence of red-fruit
aromas, characteristic of young red wines (Etaio et a/., 2009),
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indicates a youthful sensory profile in both wines. This
same characteristic was observed in the wine of the ‘Pais’
variety grown on hill vineyards, which showed high colour
intensity and red-fruit aromas and flavours (Obreque-
Slier et al., 2024). The woody aroma, particularly perceived
in the Tacna wine, should be interpreted cautiously, as it
may reflect either a distinctive feature of the terroir-related
sensory profile or the oxidative evolution in the wine during
prior storage in HDPE tanks for over a year, which may have
favoured the formation of resinous notes associated with
woody descriptors (del Alamo-Sanza ef al., 2015).

Over months 4-6, Moquegua wines exhibited a progressive
sensory evolution, characterised by the development of brown
and brick-red hues and a raisin aroma, while retaining some
freshness through acidic and red-fruit notes. Over the same
period, Tacna wines also evolved, exhibiting garnet hues and
vinegar aroma, while maintaining sour taste, red-fruit notes,
and colour intensity. The vinegar aroma may also indicate the
evolution of Tacna wines, which showed acetic acid levels
above 0.78 g/L, within or exceeding the sensory detection
threshold for volatile acidity (0.5-0.9 g/L), depending on the
variety (Grainger, 2021).

After approximately nine months of storage (day 265
for Tacna and day 251 for Moquegua), the Tacna wines
still retained colour intensity. The Moquegua wines were
characterised by clarity/transparency and brick-red hues,
indicative of oxidative processes and structural degradation.

These findings suggest a relatively rapid evolution of
the sensory profile in each wine. This behaviour may be
modulated by pre-existing oenological factors such as
vintage, winemaking practices, and pre-bottling conditions.
Previous studies have shown that these factors determine
the chemical matrix and its oxidative behaviour during
bottle storage (Avizcuri et al., 2016; Etaio et al., 2009;
Garrido-Bafiuelos et al., 2021). This oxidative process
involves the degradation of fruity aroma compounds, the
formation of aldehydic notes, and pigment degradation,
leading to browning, and the development brick-red hues
(Escudero et al., 2002; He et al., 2012; Lambropoulos &
Roussis, 2007). Future studies should integrate polyphenolic
and volatile compound characterisation to better link
molecular changes with sensory evolution.

Astringency was not perceived as a relevant sensory attribute
in Negra Criolla wines from either origin. Bitterness,
however, was detected only in the Moquegua wines during
the early months of storage. This may be related to the
presence of tannins in young wines, which contribute bitter
and astringent sensations but progressively react with
other compounds (e.g., anthocyanins and acetaldehyde) to
form more stable polymeric structures that are sensorially
less aggressive and smoother on the palate (Teissedre &
Jourdes, 2013). Furthermore, consumer experience should be
considered. In this study, 66 % of the participants were young
and consumed wine only once or twice per month. A previous
study has shown that consumers tend to describe astringency
as ‘coating in the mouth’, whereas experts use descriptors

such as ‘persistent’ or ‘full-bodied’ (Rinaldi et al., 2021).
Considering the relevance of astringency at the time of
consumption, it is crucial to monitor its equilibrium point
during bottle ageing. The use of consumers with greater
sensory experience is recommended to improve assessment
accuracy, particularly for this attribute.

With regard to overall acceptance, both wines reached their
highest scores at the initial stage, followed by a decline from
the fourth month of storage onwards. These results contrast
with the maturation curve described by Hidalgo (2018) and
Zhang et al. (2023), who propose an inverted bell-shaped
model with three stages: evolution toward sensory maturity,
a peak in sensory quality, and a final decline. However, they
are consistent with the findings of Lan ef al. (2021) and
Linsenmeier et al. (2010), who report that wine does not
necessarily improve in the bottle but instead tends to lose
fruity aromas and develop oxidative notes. This declining
behaviour in the early stages is possibly attributable to the
pre-bottling storage history. Consequently, given the initial
characteristics of the wines, sensory monitoring during the
first year is essential to determine their commercial potential.

Unlike previous studies that used wines with standard stability
during bottle storage, this study focused on the evolution of
dissolved gases (free SO,, O,, and CO,) and their sensory
impact at early stages, using a potentially sensitive wine
characterised by low levels of free SO, (15 mg/L), different
vintages (2021 vs 2022) and a pre-bottling storage history
(prolonged storage in HDPE tanks for the Tacna wine). These
conditions may have accelerated the evolution of wine.
Nevertheless, future studies should consider longer ageing
periods using wines bottled immediately after malolactic
fermentation to confirm the chemical and sensory stability
of the wines.

Furthermore, although this study focuses on wines from Tacna
and Moquegua, the findings provide a relevant precedent for
understanding the evolution of the sensory profile of the Negra
Criolla variety during bottle storage; however, further multi-
regional studies are required for national-level characterisation.

3. Association between sensory properties
and free SO,, dissolved CO,, and dissolved O,

Taken together, a third finding of this study indicates that
the evolution of the sensory characteristics of Negra Criolla
wines was associated with the dynamics of dissolved gases
(free SO,, CO,, and O,) during bottle storage, with visual
and aromatic changes being the most perceptible to the
participants.

From the first to the ninth month of storage, wine colour
evolved from ruby-red to garnet in the Tacna wine and to
brick-red in the Moquegua wine, particularly in wines with
a target free SO, dose of 15 mg/L (T ). In the Tacna wine,
T, fell below the 10 mg/L free SO, threshold by the second
month, which is associated with an increased risk of oxidation
(Godden et al., 2001; Reeves, 2009; Vidal et al., 2015).
The appearance of brick-red and brown hues, together with
perceived clarity and/or transparency in both wines, suggests
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premature oxidation due to insufficient SO, protection.
Similar trends have been reported for Cabernet-Sauvignon
wines, where lower initial free SO, concentrations (10 mg/L)
resulted in reduced sensory scores for colour, aroma, and
flavour after 12 months of bottle storage compared with wines
adjusted to 25 mg/L (Luki¢ ef al., 2020). Under low free SO,
conditions, oxygen can generate reactive oxygen species that
promote the oxidation of wine constituents, thereby altering
the sensory profile (Echave ef al., 2021; Elias et al., 2009;
Waterhouse & Laurie, 2006). Consistent with this, the
15 mg/L treatment showed the highest dissolved O, values
(3.31 mg/L in the Tacna wine and 3.01 mg/L in the Moquegua
wine), whereas the 30 and 45 mg/L treatments maintained
values below 3 mg/L, a threshold above which the risk of
wine oxidation increases (Ferrer-Gallego et al., 2018).
Although the effect of dissolved CO, on wine colour remains
unclear, after nine months of storage, the wines showed
almost complete loss of CO,, particularly in treatment T,
which also exhibited the greatest colour evolution. Although
colour evolution was one of the most perceptible changes,
it was assessed only sensorially, without instrumental
measurements, which limits its characterisation.

Consumers also perceived changes in the aromatic profile of
Negra Criolla wine during storage, with red-fruit and sweet
notes evolving into raisin and vinegar descriptors. Wines
with a target dose of 15 mg/L free SO, showed lower free
SO, levels and higher dissolved oxygen concentrations at the
end of the storage period. According to Ferreira ef al. (2014)
and Ferreira et al. (2015), the degradation of wine aromas
is directly linked to SO, depletion and the oxidation of
aromatic compounds. In contrast, wines with target free
SO, of 30 and 45 mg/L preserved pleasant aromas for up to
the sixth month and exhibited greater oxygen consumption,
maintaining dissolved oxygen levels below 3 mg/L.
This behaviour is consistent with the findings of Manuel
Aragon-Capone et al. (2025), who reported that wines that
rapidly consume oxygen exhibit fewer oxidation-related
aromas. Similarly, Garnacha wines with low oxygen levels
(< 3.0 mg/L) exhibited better expression of fruity attributes
(Ugliano, 2013). Regarding dissolved CO,, its influence
on the aroma and flavour of the wine after nine months
of storage appears limited, given the low concentrations
observed in both wines (Tacna and Moquegua), except
for treatment M,,, which had a final content of 0.27 g/L.
It should be noted that the sensory detection threshold of
CO, in water is approximately 0.26 g/L and is associated
with sensations such as tingling, prickling, burning, fizzy and
spritzy (Gawel et al., 2020); therefore, its sensory impact on
both wines was likely negligible.

Finally, under the conditions of this study, Negra Criolla wine
showed a relatively short sensory acceptance period in bottle.
However, these findings should not be generalised to all
wines of this variety, as factors such as vintage, winemaking
practices, and prolonged uncontrolled storage conditions
prior to bottling may have influenced the initial state of
the wine. Although varieties such as Cabernet-Sauvignon,
Syrah, and Merlot can tolerate longer bottle ageing without

sensory deterioration (Gao et al., 2015; Marquez et al., 2014;
Pons et al., 2022), comparative studies under equivalent
conditions are required.

CONCLUSION

Under the conditions of this study, the sensory profile of Negra
Criolla red wine was influenced by bottle storage time and
was associated with the evolution of dissolved gases, mainly
free SO, and dissolved O,. At the end of the approximately
nine-month study period, the evolution of colour toward
garnet and brick-red hues was the most notable visual change
perceived by consumers, being more pronounced in wines
with low free SO, and high dissolved oxygen. Regarding
aroma, a transition from red-fruit notes to raisin and vinegar
notes was observed, particularly in wines with 15 mg/L free
SO,. This evolution of the sensory profile was reflected in
overall acceptance, which showed a slight decrease a few
months after bottling. However, these findings should not be
generalised to all wines of this variety, as the reduced sensory
stability observed may be associated with the initial redox
state of each wine prior to bottling, influenced by factors
such as vintage and winemaking practices.

Although this study focused on sensory characterisation,
future research could integrate instrumental measurements
to more precisely correlate molecular changes with sensory
evolution and dissolved gases. Furthermore, longer ageing
periods should be considered to confirm the chemical and
sensory stability of the wines.

In addition, while this study is based on wines from Tacna
and Moquegua, the results provide a relevant precedent for
understanding the sensory evolution of this variety during
bottle storage; however, multi-regional studies are required
for national-level characterisation.
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