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Abstract Oxygen management is critical to ensure the appro-
priate development of yeast and avoid its detrimental effects on
sensory quality of wine. Oxygen additions during alcoholic
fermentation are typically carried out through pump-over opera-
tions, which contributions have not been appropriately quanti-
fied. In this work, we designed a set of experiments with different
pump-over modes (closed, open, and with Venturi) to evaluate
oxygen dissolution and consumption during industrial-scale fer-
mentations. Closed pump-overs incorporate negligible amounts
of oxygen, while open pump-overs with Venturi incorporate the
highest, i.e., 3 mg/L (approximately twice more oxygen than the
conventional open pump-overs). A highly heterogeneous vertical
distribution of dissolved oxygen was also found, with approx.
80 % of the total concentrated at the top of the tanks. When
analyzing oxygen dissolution during the maceration, initial low
oxygen levels were encountered in spite of the high free SO,
concentrations (an inhibitor of enzymatic oxidation). We specu-
late that the latter is due to the high initial CO, content, which
prevents oxygen dissolution during the initial period. In the case
of the fermentation stage, the observed low oxygen concentra-
tions are mainly due to elevated yeast activity. We also followed
oxygen dissolution kinetics during fermentation by estimating
the oxygen dissolution rate and a global consumption constant
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for different fermentation stages. Our results confirmed the neg-
ative impact of CO, on oxygen dissolution and the elevated yeast
biological activity of the tumultuous fermentation, as the main
causes for the observed low dissolved oxygen levels. Overall, the
present work will help improve the management of oxygen
during fermentation and winemaking.

Keywords Oxygen - Pump-over - Wine fermentation -
Winemaking - Saccharomyces cerevisiae

Introduction

Discrete oxygen addition during alcoholic fermentation is a
common practice in most wineries, as it promotes yeast bio-
mass synthesis and contributes to a sound fermentation
(Fornairon-Bonnefond et al. 2003; Rosenfeld et al. 2003).
Several studies have shown that the risk of stuck and sluggish
fermentations is reduced after oxygen additions of 10 to
20 mg/L (Rosenfeld et al. 2004; Sablayrolles and Barre
1986), particularly when performed at the end of the yeast
growth phase (Sablayrolles et al. 1996). Nevertheless, oxygen
can also be detrimental when added in excess, enhancing wine
oxidation, color degradation, and the synthesis of off-flavors
(Salmon 2006). In spite of its importance, oxygen additions
during wine fermentation are typically carried out heuristically
through pump-over operations, which contribution to oxygen
dissolution has not been appropriately characterized so far.

During red wine production, the fermenting must is
pumped from the bottom of the tank and over onto the cap
(i.e., pump-overs). The aims of pump-over operations are the
following: incorporate of oxygen into the must, favoring the
extraction of color and flavor compounds from skin and seeds,
to avoid the spoilage of the must by keeping the cap in contact
with the liquid, and to remove metabolic heat formed during
fermentation (Boulton et al. 1996).
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Depending on the desired level of air exposure of the must,
the pump-over operations are implemented either as closed,
open, or with an in-line Venturi. In closed pump-overs, the
fermenting must is pumped out from the bottom of the tank
and re-incorporated over the cap by means of flexible or fixed
tubing (i.e., with almost no air contact). In open pump-overs,
the juice or wine extracted from the racking valve of the tank
is splashed over a vat (or a screened vat) connected to a pump
that drives the aerated juice to the top of the tank. Finally,
pump-overs with an in-line Venturi valve (a recently adopted
technology) are also used for the incorporation of air into the
circulating must. Surprisingly, there are only isolated reports
on the amount of oxygen incorporated during these common
winery operations (Bisson and Butzke 2000; Bosso et al.
2009; Vidal and Aagaard 2008), especially considering that
the latter impacts the resulting wine quality, as it hinders
oxygen addition management during the winemaking process.

The rate of dissolution within the liquid phase depends on
its equilibrium concentration, which relates with the liquid
temperature and composition, the amount of solids, and the
mixing provided by the bubbles of CO, produced by the yeast
cells (Saa et al. 2012; Singleton 1987). CO, has been shown to
play opposite roles on the oxygen dissolution in wine fermen-
tations. On one hand, it reduces the oxygen dissolution rate
due to the dilution effect (Devatine et al. 2007; Saa et al. 2012,
2013), but on the other hand, CO, bubbling increases this rate
due to enhanced mixing during the exponential growth phase
(Garcia et al. 1994; Vlassides and Block 2000). Overall, in
small fermentation tanks, CO, reduces the oxygen dissolution
rate. Nevertheless, its impact at a larger scale remains to be
assessed.

To date, several studies have characterized the oxygen
concentration and distribution in pilot and industrial-scale
winemaking during micro-oxygenation and aging (Adoua
et al. 2010; Laurie et al. 2008; Nevares et al. 2008, 2010);
however, to the best of our knowledge, the fate of the oxygen
added through pump-overs during wine fermentations in in-
dustrial tanks has not been reported yet. Such studies should
be essential to decide, on a quantitative basis, when and how
much oxygen should be added.

In this work, the oxygen incorporation and dissolution
during red wine fermentations were characterized at different
positions within wine tanks and after the use of different
pump-overs modes. In addition, oxygen dissolution and con-
sumption evolution during wine maceration and fermentation
was evaluated.

Materials and Methods
Wine Fermentations Incorporation and dissolution of oxygen
was measured during pump-overs accomplished in several red

wine fermentations. For this study, data from 41 commercial
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red wine fermentations carried out during 2009, 2010, and 2013
was employed. The studied fermentations comprise eight dif-
ferent wine varieties harvested in Chile: Cabernet Sauvignon,
Carménére, Merlot, Petit verdot, Pinot noir, Cabernet franc,
Carignan, and Alicante Henri Bouschet (Table 1). The wine
varieties tested in each experiment were selected depending on
their availability at the different wineries.

Oxygen Incorporation Due to Different Pump-Over
Modes The amounts of oxygen incorporated by three types
of pump-overs, either closed, open, or with an in-line Venturi
injector (Mazzei® Injector Company, LLC, Bakersfield,
USA) (Fig. 1a), were determined in-line using optical mini
planar oxygen sensors (PSt3, PreSens®, Regensburg, Germa-
ny), glued to the inside of a sight glass fitting (stainless steel
tubing with a glass section) with food-grade silicone. The
oxygen level of the must could be followed from the outside
by means of an oxoluminicense-based dissolved oxygen me-
ter 3 LCD-trace Fibox v7 (measuring span of 0-20 mg/L and
15 ug/L of O, detection limit) (PreSens®, Regensburg, Ger-
many). This optical sensor does not show the problems of the
Clark’s electrode, e.g., relatively long response times and
oxygen consumption during the measurement (Fernandez-
Sanchez et al. 2007), and it is ideal for noninvasive measure-
ments. Oxygen incorporation was calculated as the mean
difference between the dissolved oxygen concentrations of
the stream of must leaving and returning to the tank (measured
after the point in which oxygen incorporation was achieved,
i.e., vat or Venturi) in each trial. Oxygen concentration was
recorded every 1 s at the two points as previously mentioned.

Depending on the pump-over mode, the glass fittings were
coupled to one of racking valves of the tanks, the exit of the vat,
the inlet and outlet of the Venturi, and the exit of the impelling
pump (Fig. 1a). This experimental setup allowed assessing the
contribution of each device (i.e., pump, vat, Venturi) to the total
oxygen incorporation in the fermenting tanks.

The number of wines studied under each pump-over mode
was as follows: 6 fermentations with closed pump-overs (dur-
ing the early fermentation stages), 10 with open pump-overs,
and 19 with an in-line Venturi during the tumultuous and
stationary fermentation stages. The varying number of trials
in each case depended on the number of fermentations available
at the wineries under each different mixing procedure. Seven
different wine varieties were included in these experiments
(Table 1). The type of pump employed was a positive displace-
ment pump (Maxi80 Liverani®, Lugo, Italy), with an average
flow rate of 15 m*/h. Finally, the temperatures of the fermenting
musts ranged between 17 and 27 °C during the trials.

Dissolved Oxygen Gradients Inside Large Industrial Wine
Tanks During Open Pump-Overs The dissolved oxygen con-
centration within industrial wine tanks during open pump-
overs was measured using PSt3 optical dipping probes
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Table 1 Experimental data sets used in this work

Experiment Wine varieties”

Number of pump-overs

Oxygen incorporation by different
pump-over modes: closed, open,
and with Venturi

Cabernet Sauvignon (13), Carménére (7), Merlot (7),
Petit verdot (2), Cabernet franc (2), Carignan (2),
Alicante Henri Bouschet (2)

6 closed pump-overs, 10 open pump-overs,
and 19 with an in-line Venturi: 35 total

Dissolved oxygen gradients inside Cabernet Sauvignon (1), Carménere (1) 32
large industrial wine tanks during
open pump-overs

Oxygen dissolution and consumption Pinot noir (2), Cabernet Sauvignon (1), Carménére (1) 76

kinetics during wine maceration
and fermentation

Figures in parentheses represent the number of fermentations carried out using each grape variety

(PreSens®, Regensburg, Germany), at three different heights
inside a 40,000-L industrial tank. For this purpose, a 316
stainless steel tubing (2.5 cm diameter, 0.8 cm thick, and
4.3 m long) with openings in the pipeline (7 cm width and
6 cm long) at three different heights (2.1, 3.2, and 4.3 m from
the top of the tank) was introduced into the center of the tank
(Fig. 1b). The latter allowed to safely insert the optical oxygen
and temperature probes (PT1000, PreSens®, Regensburg,

Fig. 1 Schematic experimental a

incorporation and dissolution
during pump-over operations in

Germany) at a fix position within the tube, corresponding to
the opening in the pipeline.

Cabernet Sauvignon and Carménére grapes were employed
in this experiment (Table 1). Cabernet Sauvignon must (har-
vested with 26.3 °Bx and initial must density of 1,110 g/L),
inoculated with Saccharomyces cerevisiae yeast Zymaflore
F15® (Laffort, Bordeaux, France), was first fermented, and
later, the Carméneére (harvested with 29 °Bx and initial must

setups for studying oxygen

red wine industrial fermentations
(pO, represent the points in which
oxygen was measured). a Oxygen
incorporation by different pump-
over modes: closed, open, and
with Venturi; b axial distribution
of dissolved oxygen during open
pump-overs at three heights in
industrial wine tanks (40,000 L); ¢
oxygen dissolution and

consumption kinetics during
winemaking in 5,000-L tanks
(diagrams not to scale)
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density of 1,120 g/L), inoculated with S. cerevisiae L2056®
(Lalvin, Toulouse, France). Cabernet Sauvignon and
Carménére musts were fermented at 22+1 and 24+3 °C,
respectively. The type of yeast utilized in each case was
chosen by the winemakers based on technical considerations
and their winemaking protocols.

During the Cabernet Sauvignon fermentation, a total of 18
pump-overs were performed during the 10 days of fermenta-
tion (the first 6 days corresponded to tumultuous fermenta-
tion), while for the Carménére, 14 pump-overs were conduct-
ed during the 6 days of fermentation (the first 4 days
corresponded to tumultuous fermentation). Normally, two
pump-overs per day were carried out for both fermentations.
In both cases, the evolution of the fermentation was followed
by the decrease of must density using appropriate hydrometers
(Alla France®, Chemillé, France). As a reference, fermenta-
tions were considered completed when the residual sugar
content of the wine was lower than 2 g/L. The flow rate of
the pump used during these experiences was approx 15 m>/h,
as in the previous experiment, and the duration of pump-overs
ranged between 20 and 30 min, according to the winemaking
protocol of the winery.

Oxygen Dissolution and Consumption Kinetics During Wine
Maceration and Fermentation Oxygen dissolution and
consumption kinetics of four red wine fermentations
were followed in closed and open pump-over modes
during pre-fermentative maceration and fermentation
stages. The pre-fermentative maceration was performed
by placing dry ice (solid CO,) in the surface of the cap
during the first days of the treatment, and adding 35 and
20 mg/L of SO, during the first and the second day of
maceration, respectively. Again, fermentation evolution
was periodically checked by the decrease of must density
using appropriate hydrometers (Alla France®, Chemillé,
France). The must density measurements were employed
as an indicator of the fermentation evolution, which
enabled the subsequent analysis of dissolved oxygen
content during the different phases of wine fermentation.

Measurements were taken in two 5,000-L open stainless
steel tanks (Fig. 1c). First, the fermentation of two Pinot noir
wines (harvested with 24.2 °Bx and initial must density of
1,107 g/L) from Casablanca valley was followed, and later,
one Carménere and one Cabernet Sauvignon from the same
valley (harvested with 23.9 and 24.2 °Bx and initial must
densities of 1,104 and 1,106 g/L, respectively) (Table 1). All
these fermentations were carried out with native yeasts, i.e.,
without inoculation of commercial wine yeast strains. Pinot
noir, Cabernet Sauvignon, and Carménére musts were
fermented at 22+2.6, 25+2.6, and 25+1.4 °C, respectively.
SO, concentrations were also traced during the maceration
and fermentation processes, employing the reference Ripper
method (Buechsenstein and Ough 1978).
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Dissolved oxygen concentration was measured inside the
tanks at 1.3 m from the top (approx the geometric center of the
tank), by placing a 316 stainless steel tubing (2.5 cm diameter
and 0.8 cm thick) containing both the optical oxygen
(PreSens®, Regensburg, Germany) and temperature probes
(PT1000, PreSens®, Regensburg, Germany) as previously
explained. A total of 18 pump-overs were performed for each
Pinot noir (6 in maceration and 12 fermentation), while in the
case of Cabernet Sauvignon and Carménere fermentations, 22
(6 in maceration and 16 fermentation) and 18 (4 in maceration
and 14 fermentation) pump-overs were conducted, respective-
ly (usually two pump-overs per day during the fermentation).
The flow rate employed during the pump-overs was approx-
imately 5 m*/h and they lasted approximately 10 min, accord-
ing to the winemaking protocol of the winery.

Kinetics of Oxygen Consumption During Pump-
Overs Oxygen consumption kinetics during industrial wine
fermentations was described using the following mass balance
equation (Silva and Lambri 2006),

dOs

7 —Kgloba1*O2 (1)

where Kgopar T€presents a kinetic constant which includes the
biological, enzymatic, and chemical consumption. The latter
expression can be analytically solved as follows:

04(7) = 02(0)-exp (K gioba*t) (2)

where O,(0) represents the initial oxygen concentration.

Regression and Statistics Estimated consumption parameters
were fitted by minimizing the sum of squared residual errors
between predicted and experimental dissolved oxygen data,

N
Min (Oglodcl_ogncas) 2 (3 )

Kgiobal %
global 1:1

del . .
where 03'°° represents predicted dissolved oxygen concen-

tration, O5'*** denotes the measured dissolved oxygen concen-
tration, Kgjobal 18 the consumption kinetic constant, and N
represents the number of measurements. We also developed
an empirical correlation between the oxygen dissolution rate
(AOy/A¥ and the must’s density (p), in which case the esti-
mated parameters were fitted using the same strategy (mini-
mizing the sum of squared residual errors between the model
and experimental data). In both cases, regressions were carried
out using the nonlinear optimization routine fininsearch of
MATLAB®. To assess the confidence of the estimated
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parameters after the regressions, the respective 95 % confi-
dence interval was calculated employing the MATLAB®
functions nlparci and nipredci. Finally, to compare the differ-
ent treatments or group means, Student’s ¢ test and one-way
ANOVA analysis were employed (depending if two or more
groups were compared), to determine whether the observed by
differences were statistically significant with 95 and 99 %
confidence levels. The MATLAB® Statistics Toolbox was
used for these analyses.

Results and Discussion

Oxygen Incorporation by Different Pump-Over Modes The
amount of oxygen incorporated using the different pump-over
modes (closed, open, and with Venturi) was assessed by
calculating the mean of the difference between the dissolved
oxygen concentrations of the stream of must leaving and
returning to the tank. According to the pump-over mode,
different amounts of oxygen were incorporated into the
fermenting must (Table 2). On average, closed, open, and
pump-overs with Venturi added 0.05+0.02, 1.4+0.52, and
3.0+1.3 mg/L of oxygen, respectively (mean plus | standard
deviation). One-way ANOVA test at 99 % confidence level
yielded a p value <0.01 (5.7-10"®) which statistically support
the observed difference upon the different modes of operation.
Thus, closed pump-overs incorporate, in average, almost no
oxygen, as would be expected due to the limited contact with
air. In fact, this operation mode is mainly used for must
circulation and homogenization purposes (Boulton et al.
1996). On the other hand, open pump-overs with Venturi were
the most efficient configuration for oxygen addition, incorpo-
rating twice more oxygen than the traditional open one (Z test,
p value <0.05).

When it comes to comparing the oxygen incorporation
during the fermentation of different red wine varieties
(Fig. 2), no statistical differences were obtained at each oper-
ation mode (One-way ANOVA, p value <0.05). This trend is
conserved among the grape varieties studied, suggesting that
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Fig. 2 Boxplots of oxygen incorporation into industrial red wine fer-
mentations by different types of pump-overs. a Closed pump-over; b
conventional open pump-over; ¢ open pump-over with Venturi. The
abbreviations for grape varieties are: Cabernet Sauvignon (CAB),
Carménere (CMR), Merlot (MER), Petit verdot (PV7T), Cabernet franc
(CAPF), Carignan (CAR), and Alicante Henri Bouschet (4HB)

this tendency might be valid for most, if not all, red grape
varieties. The latter is relevant, as it suggests that the pump-
over mode must be chosen fundamentally on the oxygen dose
to be added, independent of the grape variety to ferment.
The partial contribution of each pump-over apparatus to the
concentration of dissolved oxygen was as follows: in open
pump-overs, the vat and the pump contribute similar amounts
(48.6+£9.8 % for the vat, and 51.4+29.5 % for the pump;
equivalent to approximately 0.7 mg/L of dissolved oxygen
each). For pump-overs with Venturi, the estimated contribu-
tions of the Venturi and the pump were 20.1+£9.8 and 79.9+

Table 2 Oxygen incorporated in fermenting grape musts using different pump-over modes

Pump-over mode Min Max Average Standard deviation Coefficient of variation
(mg/L) (mg/L) (mg/L) (mg/L) (%)

Closed 0.02 0.11 0.05 1.7-1072 38.4

Open 0.6 25 1.36 0.52 354

With Venturi 0.5 5.6 3.03 1.38 43

ANOVA Sum of squares Degrees of freedom Mean square F p value

Between groups 41.3 2 20.7 18.3 57-10°°

Within groups 35 31 1.13

Total 76.3 33
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14.9 % respectively, equivalent to 0.6+0.4 and 2.5+0.4 mg/L
of dissolved oxygen. These findings seem contradictory at
first sight, as we previously determined that closed pump-
overs, incorporated almost no oxygen (approx 0.05 mg/L).
However, it has to be considered that the oxygen is dissolved
in the liquid phase in two steps. First, the inlet stream (oxygen-
poor) comes in contact with the surrounding air, incorporating
oxygen in the form of bubbles. Then, the oxygen from the air
bubbles is transferred through the gas—liquid interface into the
liquid phase, where it dissolves. The rate upon which the
oxygen gas is transferred to the liquid phase depends mainly
on the hydrodynamic condition, among other factors (Gagnon
etal. 1998). At this point, the pump plays a key role dissolving
the air bubbles. When the liquid stream approaches the pump,
the liquid turbulence is greatly enhanced, which improves the
oxygen mass transfer by increasing the liquid velocity and the
breakup of gas bubbles (Wang and Zhong 19964, b). The latter
can be used to explain the differences in the dissolved oxygen
contributions of the vat, Venturi, and pump in the different
studied configurations. In conventional open pump-overs,
the vat incorporates more oxygen bubbles than the
Venturi, as the fermenting must is exposed to air for a
longer period of time. On the other hand, the Venturi
injector dissolves more oxygen than the vat, which
explains the higher dissolved oxygen concentration of
the leaving stream. Overall, the open pump-over with
Venturi is more efficient at dissolving oxygen due to the
combined effect of the Venturi injector and the pump.

Finally, another relevant factor during the operation of the
different types of pump overs was the variability in the amount
of oxygen dissolved in the must. Indeed, it is not only impor-
tant the average amount of oxygen added, but also its repro-
ducibility in repeated trials. As shown in Table 2, oxygen
additions with pump-overs are, in general, heterogeneous.
The latter strengthens the importance of characterizing these
modes of operation, to estimate, at least roughly, the amount
of oxygen expected to be added in each operation.

Dissolved Oxygen Gradients Inside Large Industrial Wine
Tanks During Open Pump-Overs We found significant differ-
ences in the oxygen content of fermenting musts between the
top and the bottom of 40,000-L tanks following a pump-over
(Fig. 3). Most of the oxygen added through pump-overs
(approx 80 %) reaches only the upper portion of the must
within the wine tank (2.9 m from the bottom of the tank). The
other two points (heights) measured at 0.7 and 1.8 m from the
bottom of the tank, especially the lowest, received almost no
oxygen during the course of the fermentation (<1 %). The
latter can be explained by the form in which open-pump overs
are performed (i.e., must exposed to air is added to the top)
and the mixing regime present in wine fermentations. Garcia
et al. (1993) reported important gradients in pH, dry weight,
sugars, and ethanol concentrations, among others between
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Fig. 3 Dissolved oxygen (DO) levels inside 40,000-L industrial wine
tanks during pump-overs in fermentations of Cabernet Sauvignon (solid
lines) and Carménére musts (dashed lines). a—¢ Panels show DO at the
top, middle, and bottom of the tanks, respectively

different levels of unagitated beer fermentations at pilot scale,
inoculated at the top of the reactor. According to the authors,
these results are due to the presence of poor mixing in the
downwards direction, which is a direct result of the liquid
recirculation patterns owed to the rise of CO, bubbles pro-
duced by the yeasts. Furthermore, it has been reported that
during the high-CO, production stages (exponential growth
phase), cell distribution is uniform in unagitated wine fermen-
tors (Vlassides and Block 2000), which discards any major
influence of the yeast cells distribution in the observed dis-
solved oxygen distribution. Thus, the latter suggests that the
mixing patterns resulting from the gaseous CO, bubbling are
the main factor responsible of the observed dissolved oxygen
distribution. This has been also observed in a recent work (Saa
etal. 2013), where the CO, was shown to play a major role on
the oxygen dissolution profile observed in an experimental
bubble column, mimicking enological CO, generation.
Therefore, the efficiency of oxygen addition by pump-
overs inside large wine tanks is limited. The presence of large
oxygen gradients during pump-overs indicate that tank zones
will be exposed longer to different dissolved oxygen concen-
trations. The latter could impact the fermentation evolution, as
the yeast cells will be exposed to different amounts of oxygen
during this process. Considering that wine yeasts require
determined amounts of oxygen for successfully completing
the fermentation (Sablayrolles and Barre 1986), it is important
to take into account this large heterogeneity in dissolved
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Fig. 4 Dissolved oxygen (DO) 4
concentrations during maceration
and fermentation of two Pinot
noir. a Evolution of DO (solid and
dashed lines) and the free SO,
concentration (filled squares)
during the maceration process; b
evolution of DO (solid and
dashed lines) during alcoholic
fermentation. The fermentation
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al scale.

Finally, there is a notorious difference in the dissolved
oxygen concentrations reached in the top of the tank for the
Cabernet Sauvignon and Carméneére fermentations (Fig. 3a).
For Cabernet Sauvignon, the highest dissolved oxygen con-
centration reached was 2.6 mg/L, while for Carménére, only
0.6 mg/L was achieved. The latter can result from the high
dependency of this process on external features not fully
controllable, such as operators, oxygen dissolution in the
vat, and time of exposure, among others. In fact, just in terms
of oxygen incorporation, this operation possesses a variability
of around 35 % (Table 2) which, combined with external
factors and the high working volumes, might be responsible
for the large difference observed.

Oxygen Dissolution and Consumption Kinetics During Wine
Maceration and Fermentation The evolution of dissolved
oxygen of grape musts from two commercial Pinot noir, a
Cabernet Sauvignon, and a Carménére was followed during
the maceration and fermentation processes. Figure 4 illustrates
the dissolved oxygen evolution in Pinot noir musts.

Low oxygen dissolution was observed during the macera-
tion process (Fig. 4a). In musts, the main form of oxidation that
takes place is enzymatic oxidation, which occurs at a much
faster rate than chemical oxidation (Dubernet and Ribéreau-
Gayon 1973, 1974). This oxidation is conducted by polyphenol
oxydases (PPO), using phenolic compounds (e.g.,
hydroxycinnamic acids, trans-caftaric, and coutaric acid,
among others) and oxygen as substrates (Macheix et al.
1991). Previously, it has been reported that SO, can inhibit

1040 1060
Density (g/L)

PPO activity by 75 to 90 % when 50 mg/L SO, are added to
musts (Dubernet and Ribéreau-Gayon 1974), which seems to
disagree with the observed data (Fig. 4a). Indeed, lower oxygen
levels were observed when SO, concentration was at its highest
(beginning of the maceration). This contradictory result might
be explained due to the “protective” effect of CO, against
oxygen dissolution during the first days of the maceration.
Devatine et al. (2011) have demonstrated that complete protec-
tion of wines and musts is obtained when CO, content is high.
Moreover, the authors showed that micro-oxygenation is totally
inefficient in the presence of initial high CO, concentrations,
even if there is no production of CO,. At this point, we
speculate that because of the high additions of CO, during
the first days of maceration, oxygen dissolution is very inef-
fective during this period (approx until the second day, Fig. 4a).
In fact, no oxygen dissolution is observed during the first 2
days of the maceration, despite the pump-overs carried out.
Then, as the CO, escapes from the liquid to the gas phase due
to the successive pump-overs and the SO, levels decrease,
oxygen is able to dissolve in the must and to be consumed by
enzymatic oxidation reactions. The latter is observed after the
second day, in which oxygen dissolves into the must and is
quickly consumed (Fig. 4a). Indeed, this hypothesis has to be
properly validated and is by no means definitive; however it
might explain the lower oxygen levels encountered at the
beginning of the maceration. Finally, in terms of the dissolved
oxygen evolution, overall heterogeneous levels were achieved
during this stage in the different fermentations. Dissolved ox-
ygen concentrations obtained during pump-overs ranged be-
tween 0.2 and 3.6 mg/L, which reinforces the high variability
of the open pump-over processes.
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During the enological fermentation, the dissolved oxygen
concentration was also very variable. Dissolved oxygen levels
for Pinot noir ranged between 0.02 and 1.0 mg/L (Fig. 4b),
while for Cabernet Sauvignon and Carménére, oxygen values
varied between 0.03 and 2.1 mg/L (data not shown). Never-
theless, it is noteworthy that for all four fermentations, higher
dissolved oxygen concentrations were observed at the end of
the fermentation, as indicated by the density plateau reached.
This correlates well with the low yeasts activity, the major
contributor of oxygen consumption during alcoholic fermen-
tation (Salmon 2006). Figure 4c shows the dissolved oxygen
levels reached in all the fermentations as a function of the
must’s density. Dissolved oxygen concentrations achieved are
generally higher at the onset and at the offset of the alcoholic
fermentation, i.e., when yeast concentration and activity are at
their lowest, respectively. Therefore, must density might be
regarded as a useful winemaking indicator of the capacity of
the fermenting must to dissolve oxygen (see below).

Kinetics of Oxygen Dissolution and Consumption During
Alcoholic Fermentations During the application of open
pump-overs, the dissolved oxygen response followed the ki-
netics illustrated in Fig. 5a. Similar response curves were
recently reported for unagitated alcoholic fermentations under
enological conditions, on a laboratory scale (Saa et al. 2012).
As shown in this figure, the first part of the response curve
corresponds to the oxygen addition, in which the dissolved
oxygen concentration increases as the pump-over advances.
Then, when the pump-over is finished, the dissolved oxygen
concentration decreases as the yeast cells consume the avail-
able oxygen. There are also other sinks for oxygen, such as
chemical consumption and physical desorption, which are,
however, less important than the yeast activity during alco-
holic fermentation (Aceituno et al. 2012; Saa et al. 2012;
Salmon 2006).

To better understand the dissolved oxygen dissolution and
consumption kinetics, we examined both parts of the curve in
detail for all the fermentations (Pinot noir, Cabernet
Sauvignon, and Carménere). First, we computed the average
oxygen dissolution rate (AO,/Af) for all the pump-overs
analyzed from the addition curve (Fig. 5a). This parameter
was calculated by fitting a linear curve from the moment of the
start of the oxygen addition until the end of the pump over
(beginning of oxygen consumption). The slope of the fitted
curve represents the oxygen dissolution rate and represents the
average amount of oxygen that dissolves per unit of volume
and time.

The main advantages of this parameter are that it does not
solely rely on the particular oxygen concentration level deter-
mined at a particular point during the pump-overs (as shown
before, pump-overs are quite variable in terms of oxygen
incorporation), but it rather depends on the rate of change of
the oxygen concentration, and secondly, it is very useful for
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Fig. 5 Oxygen dissolution and consumption kinetics during alcoholic
fermentation. a A typical dissolution curve occurring during an open
pump-over in a 5,000-L wine tank during alcoholic fermentation (black
dots). The arrow indicates the pump-over start and the onset of oxygen
dissolution. The first part of the curve corresponds to the oxygen addition,
in which the oxygen dissolution rate (AO,/A7) can be estimated as the
slope of the curve, while the second part describes the global oxygen
consumption by the fermenting must which is modeled using Eq. (3); b
oxygen dissolution rate as a function of must’s density in Pinot noir,
Cabernet Sauvignon, and Carménére wines. The thicker line represents a
parabolic relation of the form AO,/Ar=a- p*+b- p+c between both vari-
ables (R=0.74), while the thinner lines denote the 95 % confidence
interval of the trend of the fitted values (black dots); ¢ oxygen consump-
tion constant for different fermentation stages: early fermentation (EF),
tumultuous fermentation (TF), and stationary phase (SP)

managing oxygen doses as it indicates the amount of dis-
solved O, per unit of volume and time in a particular stage
of the fermentation. A parabolic relationship between the
must’s density and the oxygen dissolution rate of the form
AOy/At=a-p*+b-p+ec (a=7.76-107°+£3.37-10°, b=—1.65-
107'+7.07-10%, ¢=87.5-10+3.7-10, R=0.74) was found
(Fig. 5b). At the fermentation’s onset and offset (around
1,100 and 990 g/L density, respectively), the oxygen dissolu-
tion rates are higher than during the tumultuous fermentation
phase (between 1,090 and 1,020 g/L densities). The latter
could be explained by the higher yeast activity and CO,
production rates, typical of this phase (Casalta et al. 2010).
During tumultuous fermentation, yeast cells require oxygen
to synthetize essential membrane components such as ergos-
terol, which allow them to thrive the harsh conditions of
alcoholic fermentations (Fornairon-Bonnefond et al. 2002,
2003; Rosenfeld et al. 2002). This high demand can be illus-
trated by the higher consumption constants (Kgjopar) fitted to the
consumption curves during this fermentation phase (Fig. 5c,
TF). Nevertheless, this sole factor is not the only one
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responsible for the lower oxygen dissolution rate observed. The
other key factor that impacts oxygen dissolution is the CO,
production (Chiciuc et al. 2010; Devatine et al. 2007, 2011;
Devatine and Mietton-Peuchot 2009; Saa et al. 2013). Saa et al.
(2013) studied in a laboratory column the oxygen dissolution
rate in water under CO, bubbling conditions similar to the ones
encountered during the tumultuous phase of alcoholic fermen-
tations. Under these conditions, the authors reported an average
oxygen dissolution rate of approximately 0.3 mg O,/(L-min),
which is similar to the one estimated in this work under real
conditions during the tumultuous phase—around 0.2 mg O,/
(L-min). The negative impact of the CO, production is related
to its high concentration, and not to its specific production rate,
i.e., stripping (Saa et al. 2012), as it favors the dilution of the
dissolved oxygen added in the gas phase upon its transfer to the
liquid phase (Devatine et al. 2011; Devatine and Mietton-
Peuchot 2009; Saa et al. 2013). As previously mentioned,
CO, acts as a resistance to oxygen dissolution and not as a
“physical sink” of consumption (Devatine et al. 2011). Com-
bining the negative impact of CO, on the oxygen dissolution
and the high biological uptake by the yeast cells during the
exponential growth phase, one might be able to explain the
significant contrast in the oxygen dissolution rates among the
different fermentation phases.

Finally, the dissolved oxygen consumption during the dif-
ferent phases of the fermentation—early fermentation (EF),
tumultuous fermentation (TF), and stationary phase (SP)—
were also evaluated (Fig. 5c¢). Significant differences in the
consumption constants for the different fermentation stages
were determined (one-way ANOVA analysis; p value <0.01).
On average, during the EF, TF, and SP, the oxygen consump-
tion constants were 0.17+0.08, 0.22+0.06, and 0.12+0.06 mg
O,/(L-min), respectively. These results agree with the evolu-
tion of the yeast’s activity during the alcoholic fermentation.
The differences between the EF and SP values could be
explained by the free SO, remaining from the maceration
process (Fig. 4a, b). These results suggest that the main source
of oxygen consumption during alcoholic fermentation is the
yeast metabolic activity.

Conclusion

The present work comprises an integral study aiming to mea-
sure and better understand oxygen incorporation and dissolu-
tion through pump-overs during winemaking, at industrial
scale. Regarding the operation mode of pump-overs, those
with Venturi injectors incorporate approximately twice more
oxygen than open pump-overs. Particular analysis of the
contributions of the vat, the injector, and the pump to the
oxygen dissolution during open pump-overs and with Venturi
suggests that the pump plays a key role in dissolving the

oxygen incorporated by the former. Closed pump-overs, as
expected, incorporated negligible amounts of oxygen, which
make them ideal for homogenization purposes without oxy-
genating the must. In large wine tanks, a highly heterogeneous
distribution of dissolved oxygen after pump-over was deter-
mined. We hypothesize that this results mainly from the yeast
CO, bubbling during the fermentation, which generates poor
mixing in the downwards direction, although this explanation
should be validated under appropriate conditions. Finally,
when analyzing the course of oxygen dissolution and con-
sumption, several findings stand out. During the maceration
process, initial low levels of dissolved oxygen were found
despite the presence of high concentrations of free SO,, which
is an effective oxidase inhibitor. We speculate that the latter is
due to the high initial CO, content, which prevents oxygen
dissolution during this period. Then, as the CO, escapes from
the liquid and the SO, levels decrease, oxygen is able to
dissolve in the must and to be consumed through enzymatic
oxidation reactions. During the alcoholic fermentation, higher
dissolved oxygen concentrations were observed at the end of
the fermentation, which agrees well with the lower yeast
activity in this stage. The kinetics of dissolved oxygen ob-
served during this stage strongly suggests that both, the neg-
ative impact of CO, on the oxygen dissolution and the high
biological uptake by the yeasts during the exponential growth
phase, are the main variables responsible for the low dissolved
oxygen levels achieved during the tumultuous fermentation
phase. Overall, the present work will help improve the man-
agement of oxygen additions through pump-overs during
winemaking at industrial scale.
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