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Abstract: Iron chlorosis is common in vineyards grown on calcareous soils, and consists of a chloro-
phyll deficiency caused by a disorder in iron nutrition. It is manifested by interveinal yellowing
of the youngest leaves and decreased growth and production. Most of the vineyards in Spain are
planted on calcareous soils, so iron chlorosis is frequent, even in tolerant rootstocks. In the case of
Spain, Tempranillo accounts for 20.8% of the total Spanish wine area, with this red variety being the
most planted. The study of iron chlorosis and the availability of nutrients is essential for improving
the qualitative balance of the wine, as it is one of the most representative in our country. The aim of
this work was to evaluate how carbonated irrigation modifies soil pH and increases the absorption of
nutrients, as well as to assess the impact of chlorosis on the physiology of the variety and the compo-
sition of the grape. In the first instance, a test was carried out on bare soil of calcareous composition,
evaluating three different levels of carbonated water, and seeing what response it gave to the pH
level. The result showed that the dose of 400 ppm of CO2 provided the optimal pH. Subsequently,
in a potted soil, the dose of 400 ppm of CO2 was evaluated on the variety cv. Tempranillo, in three
different compositions of calcareous soil. Results showed that carbonated irrigation increased the
levels of chlorophyll impacting on primary metabolism (acids and sugar), plant growth, and higher
crop yield, improving the optimal grape ripeness. Given that irrigation with 400 ppm CO2 increased
the ability to control ferric chlorosis, this strategy could be an easy-to-use alternative to iron-based
chelates for preventing Fe deficiency in the grapevine as well as moderating the different levels
of iron chlorosis. This strategy could be an alternative to the use of synthetic Fe chelates as EDTA
or o,o-EDDHA for preventing Fe chlorosis in susceptible Tempranillo (Vitis vinifera L.) vineyard in
calcareous soils, with less of a risk to the environment.

Keywords: vine; iron chlorosis; CO2 irrigation; chlorophyll; grape quality; bicarbonate

1. Introduction

Calcareous soils are characterized by high pH, decreased micronutrient absorption [1],
and increase in iron deficiency chlorosis [2]. Bicarbonate content in the soil has been
highlighted as the major cause of chlorosis [2–4], which is a disease that causes an iron
blockage and, consequently, inhibits the synthesis of chlorophyll until finally the symptoms
of chlorosis appear [4]. It was proposed in a previous hypothesis that bicarbonate-induced
chlorosis is caused by the transport of bicarbonate into the plant, leading to an alkalization
of the xylem sap and, in turn, of the leaf apoplast [5]. However, there are other results
showing that bicarbonate does not cause a physiologically relevant increase in the xylem
sap/leaf apoplastic fluid pH in several plant species, including grapes (Vitis vinifera L.) [6].
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Iron deficiency chlorosis in grapevines causes strong morphological and physiological
parameter limitations [7,8]. Physiological stress caused by calcareous soil conditions has a
great impact on vegetative growth, fruit yield, and grape composition and quality [9,10].
Cultivated plants, grapevines included, differ in their susceptibility to iron deficiency
in calcareous soils. Some are only mildly affected (tolerant varieties) [11], while others
show severe leaf chlorosis symptoms (sensitive varieties), depending on the variety and
rootstock [12,13]. Tolerant varieties have developed physiological changes, such as an
increase in the iron reductase capacity and proton extrusion in the rhizosphere region
that increases the Fe absorption [14]. In contrast, it has also been demonstrated that
tolerant grapevine genotypes may increase the activity of the enzyme phosphoenolpyruvate
carboxylase (PEPC) and the concentration of organic acids in roots (particularly citric acid)
as a response to iron deficiency [9]. Under iron starvation conditions, modification of the
expression of genes involved in iron uptake and transport also occurs [15].

A traditional method used to prevent iron chlorosis has been the use of Fe deficiency-
tolerant rootstocks such as 140 Ruggeri [2,13,14,16,17]. The use of American rootstocks
became necessary in grapevine cultivars after the plague of phylloxera, and an added bene-
fit was that they prevented iron-deficiency chlorosis [18]. In some important viticultural
areas, especially from the Mediterranean area, such as Spain, France, and Italy, with lime-
stone soils [17,19–23], growers often apply synthetic Fe chelates to prevent the occurrence of
Fe deficiency [2,14], and other viable techniques are the addition of organic matter [9,24,25]
to the soil to increase the exchange capacity between cations and iron chelates. The use of
acid irrigation has been adopted to decrease soil pH and increase nutrient absorption to
prevent Fe-deficiency symptoms, although the use of chemical products such as HNO3 or
H2SO4 is not very friendly to the environment in some cases. A temporary decrease in soil
pH increases the availability of nutrients and facilitates their absorption by the plant, thus
producing higher yields [18]. There are few data available on the effect of acid irrigation
in grapevines using CO2, although different trials have been carried out on other crops,
such as cucumber [26,27], cotton [28], strawberry [29,30], and tomato [31]. This was the
main reason to set up an experiment to determine the influence of carbonated irrigation on
grapevine and subsequently add knowledge to prevent Fe-deficiency in calcareous soils.

The objective of the present study was to evaluate the ability of carbonated irrigation to
decrease the pH of the soil and increase the absorption of nutrients such as iron, to control
or decrease ferric chlorosis in vines grown in calcareous soils. In the present work, cv.
Tempranillo grapevines were grown in pots and documented the influence of carbonated
irrigation on plant growth, sugar/acid metabolism in leaves, berry metabolism and yield,
and fruit composition.

2. Materials and Methods
2.1. Experiment 1 in Bare Soil Pots: Effects of Acidified Water Irrigation on Soil pH and
Mineral Composition

Ten plastic 40-L (50-cm Ø) bare soil pots were set up in the open air with a substra-
tum of soil as average for the Tempranillo commercial cultivar in the Tarragona wine
growing area (Spain). Tempranillo red variety is the most important in Spain, there are
more than 215,000 hectares planted, ahead of Garnacha, therefore it is widespread in the
Mediterranean area, an area characterized by calcareous soils. This was the main reason
why Tempranillo was chosen as the variety to carry out the trial. Medium calcareous soil
with 10.4% limestone, pH 8.08, and 24.03% CaCO3 was used. In order to establish the
optimum CO2 water solution irrigation to be used for the experiment, several solutions of
acidified water of CO2 at different dosages (low, 200 ppm; medium, 400 ppm; and high,
800 ppm) were prepared by dissolving CO2 gas in tap water (pH 7.5) (Table 1). Once every
solution was acidified at the three concentrations, irrigation was immediately applied to
each replicated pot. The experiment consisted of three replicates per treatment. To prepare
the different acidified water of CO2 at different dosages, first, the 800-ppm solution was
prepared dissolving CO2 gas under 1 atmosphere of pressure for 15 min, in 35 L of tap
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water inside an irrigation water tank. From the initial 800 ppm solution, 400 ppm and
200 ppm solutions were prepared as described in Table 1.

Table 1. CO2 irrigation levels per pot (g/pot). Barrel soil pots. Irrigation treatment: Control, 200 ppm
CO2, 400 ppm CO2, and 800 ppm CO2.

Irrigation Treatments Water pH Preparation of CO2 Solution
Calculated CO2
Gas Applied per
Pot (CO2 g/pot)

Control CO2 at 0 ppm 7.5 No CO2 added (regular tap water) 0

High: CO2 at 800 ppm 6.0 CO2 gas dissolved under 1 atmosphere of pressure during
15 min in 35 L of tap water 37.52

Medium: CO2 at 400 ppm 6.5 1 L of 800 ppm CO2 solution, added to 1.75 L tap water 17.76
Low: CO2 at 200 ppm 7.0 250 mL of 800 ppm CO2 solution, added to 2.5 L tap water 8.88

Acid irrigation was performed from May to August by a drip irrigation system, per-
formed 3 times a week, totaling 48 irrigation events. To determine the irrigation doses, the
evapotranspiration (ETc) values were used. The values of ETc were determined according
to a modified Penman–FAO method [32]. According to results obtained in a previous
irrigation experiment with Tempranillo grapevine in the same area [33], the implemented
strategy irrigation was Regulated Deficit Irrigations (RDI). A total of 35% of the ETc was
applied according to previous results [33], and after verifying that the dose of 60%, also
with good qualitative results, supposed losses of water by leaching. Each dose of water
applied during May–June was 0.75 L per pot. The dose of water increased to 1.1 L dur-
ing July–August due to the increase in crop evapotranspiration (ETc). The total water
applied per pot during the experiment was 44.4 L, corresponding to 17.76 g CO2 added in
the 400-ppm treatment. The RDI strategy used to improve harvest quality, did not allow
leachate to be collected from the pots.

2.2. Experiment 2 in Planted cv. Tempranillo Pots: Effects of Acidified Water Irrigation with
3 Different Limestone Composition

Experiment 2 was carried out over a period of 3 years; Tempranillo grapevines
(Vitis vinifera L.) were grown on 40 L plastic (50-cm Ø) pots as used in experiment 1. Three-
year-old plants grafted onto 110 Richter rootstocks were used. Tempranillo was chosen as
it is the most important in Spain; there are more than 215,000 hectares planted, widespread
in the Mediterranean area, where soils are mostly calcareous, and this can affect the color
and aromatic fraction of the wine [20]. Two variables were defined: soil type and pH
of water irrigation. Three types of soil with different concentrations of active limestone
were chosen, representing the soil of the three areas where there is more Tempranillo in
the Tarragona region. The three types of soils were characterized as (Table 2): (A) schist
driven neutral soil (control) with satisfactory drainage capacity, 0% limestone, pH 7.7,
and 11.6% CaCO3; (B) medium calcareous soil with 10.4% limestone, pH 7.9, and 32.6%
CaCO3; and (C) highly calcareous soil with 12.8% limestone, pH 8.1, and 43.5% CaCO3.
Calcareous soils are characterized by a rich texture with fine particles. The acidified water
dose used for irrigation was 400 ppm CO2, which provided the best results in Experiment
1, and was compared to an irrigation control with non-acidified water. The three types
of soil previously defined and the pH of the irrigation water, control and 400 ppm CO2,
resulted in six combinations: Schist control, Schist 400 ppm CO2, medium calc-clay control,
medium calc-clay, 400 ppm CO2, highly calcareous clay control, and highly calcareous clay
400 ppm CO2.

To determine the irrigation doses, the evapotranspiration (ETc) values were used.
Regulated Deficit Irrigations (RDI) is the strategy used. It was decided to apply 35%
according to the results obtained in previous irrigation tests on the same Tempranillo
variety and same wine growing area [33]; the values of ETc were determined according to a
modified Penman-FAO method [32]. Plants were irrigated three times a week from bud
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burst (March) to the end of August. The RDI strategy used in order to improve harvest
quality (35% ETc) did not allow leachate to be collected from the pots. The annual amount
of water applied was 35 L per plant, corresponding to 14 g CO2 400 ppm added. The
CO2 concentration in the water used for irrigation was regulated with an Orion electrode
(ORION Research Inc., model 95-02 Waltham, MA, USA), immediately after dissolving the
CO2 gas and just before irrigation The pH of the soil was determined with a pH meter in a
1/2.5 soil/water solution.

Table 2. Soil analysis for the three types of soil chosen: pH, limestone %, and Ca2CO3 %.

Treatment/Type of Soil pH Limestone % CaCO3 %

Neutral calcareous soil (Control) 7.71 (±0.02) 0.00 (±0.0) 11.61 (±0.1)
Medium calcareous clayey soil 7.93 (±0.03) 10.41 (±0.1) 32.63 (±0.2)
Highly calcareous clayey soil 8.17 (±0.01) 12.81 (±0.1) 43.50 (±0.1)

2.3. Soil Mineral Composition

Representative soil samples were collected after the end of each experiment. In
the first experiment where bare soil pots were used, soil samples were collected after
a 4-month period. In the second experiment, in which the pots contained planted cv.
Tempranillo, samples were collected at harvest (September) for 3 years, after 6 months of
regular irrigation. Soil samples were subjected to official methods of analysis according to
AOAC International [34]. For K, Mg, Ca, Cu, and Mn determination, extraction in ammonia
acetate 1 N, pH 7, was used. In the case of Fe and Zn, extraction in ammonia acetate 1 N,
pH 4.8, was used. In both cases, 25 g of soil was mixed with 100 mL of ammonia acetate.
Ca, Mg, Fe, Cu, Mn, and Zn were determined by AAS (Atomic Absorption Spectroscopy),
and potassium (K) was measured by FES (Flame Emission Spectrometry). The amount of
limestone and carbonates in the soil were assessed by a Bernard Calcimeter (which is a
simple device with optimal performance to determine the carbonate in limestones, soils,
and minerals) by adding HCl 6M (6N) Honeywell Fluka 72033-1L, and measuring the
CO2 issued.

2.4. Plant Vegetative Weight

For each treatment, three plant organs (roots, leaves, and shoots) were harvested
before leaf fall. The procedure for measuring the fresh weight consisted of removing plant
organs from the soil and washing off any loose soil, then blotting plants gently with a
soft paper towel to remove any free surface moisture, and, finally, weighing immediately
(plants have a high composition of water so waiting to weigh them may lead to some drying
and therefore produce inaccurate data). To determine the dry weight of the plant organs,
first fresh weight was collected, then plants were dried in an oven set to low heat (80 ◦C)
overnight. Once plants had cooled in a dry environment (with a Ziploc bag moisture was
kept out), plant organs were weighed on a scale.

2.5. Leaf and Shoot Composition

Leaf samples were collected at 8:00 a.m. at the beginning of ripening (V) (1 August),
maturation (M) (15 August), and harvesting (H) (15 September), every year for 3 years. Six
plants were used for each sampling of which two leaves per plant were collected. They
were frozen until the analysis was performed. To determine the nutrients in the leaves,
freshly frozen leaves were digested with concentrated nitric acid (9 mL HNO3 69% PanReac
AppliChen to 0.9 g sample) and hydrogen peroxide (24 mL H2O2 35% PanReac AppliChen
to 0.9 g sample) by boiling for 7 h in a heating block (120 ◦C). Concentrations of Ca, Mg,
Fe, Cu, Mn, and Zn were determined by AAS (Atomic Absorption Spectroscopy), and
potassium (K) was measured by FES (Flame Emission Spectrometry). Phosphorous (P)
was determined by the phosphomolybdate method [35]. The chlorophyll in the leaves was
measured using the Arnon method, modified by Davies [36]. For the determination of starch
concentration in leaves, the DuBois method, modified by Buysse [37], was used. Leaves
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were hydrolyzed with 3% HCl at 100 ◦C for 3 h, and the pellet obtained for determining
soluble sugars was subsequently analyzed by the enzymatic method.

At the end of the vegetative growing cycle, sucrose, glucose, fructose, malic acid, and
tartaric acid in the leaves, shoots, and roots were analyzed. The carbohydrate molecules
were extracted with 80% ethanol. The glucose and fructose concentration were determined
by the glucose-oxidase enzymatic method [38] to calculate the glucose/fructose ratio. To
determine sucrose, disaccharide was converted to glucose and fructose by invertase, and
later, the monosaccharides were determined by the fructose-oxidase enzymatic method.
Citrate and malate were determined by enzymatic methods: R-Biopharm D-Malic and
R-Biopharm Citric Acid; both determinations are UV-methods (340 nm). Tartaric acid was
analyzed using a modified Rebelein method with colorimetric reaction [39].

After pruning, shoot samples were collected from each plant, rinsed in deionized
water, weighed, and freeze-dried for starch analysis. Starch was extracted with CaCl2
in acetic acid on a powder sample of comminuted wood with liquid nitrogen, and after
reaction with iodine, the absorbance was read at 570 nm.

2.6. Berry Composition

In order to analyze grape maturity, whole-bunch samples were collected. A sample of
100 grapes was used to determine the sugar level (◦Brix), acidity (g·L−1 tartaric acid), and
pH. The probable alcoholic degree was tested by refractometer, and total acidity (TA) and
pH were determined according to OIV methods [39]. Furthermore, a sample of 60 grapes
was used to analyze skin anthocyanins by extraction with 200 mL HCl and 800 mL ethanol,
and absorbance was read at 535 nm. Cluster weight (g), clusters per vine, yield (kg/vine),
and Ravaz Index (yield/pruning weight) were determined at harvest.

2.7. Data Analysis

Chemical analysis, growth, plant vigor, and yield data were evaluated through one-
way analysis of variance (Factorial ANOVA); p < 0.05, and the Tukey’s post-hoc test were
used with IBM SPSS Statistics software version 27.0 (SPSS version 27.0, Chicago, IL, USA).
Data were replicated three times per treatment.

3. Results
3.1. Experiment 1: Effects of Acidified Water Irrigation on Soil pH and Mineral Composition

When different concentrations of acid were added (Table 1), the soil pH, carbonates,
and mineral composition of nutrients in non-calcareous soil (Table 3) showed that adding
800 ppm CO2 (pH 6) the solubility of calcium increased. When 400 ppm CO2 (pH 6.5) was
added, the solubility of Fe, Zn, Mn, and P were highest, it increased by 241%, 31%, 131%,
and 128%, respectively, compared to the control. The treatment with 400 turned out to be,
therefore, the one that demonstrated the greatest increase in Fe, Zn, P, and Mn solubility;
that is the reason why this dose was to be used in experiment 2.

The evolution of the soil pH after irrigation with acidified water containing 400 ppm
CO2, in bare soil pots and with three soil substrata, is shown in Figure 1. The changes in
pH were measured every 10 min for 80 min. In all soil treatments, the decrease in pH was
highest after irrigation with acidified water in comparison with the control treatment, with
0.7 decimal points for non-calcareous soils and 0.3–0.4 decimal points for calcareous soils.
The pH of calcareous soils partially recovered in approximately 80 min after irrigation, but
only 40 min was required for soils with schist.
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Table 3. Experiment 1. Bare soil pots. Quantitation of soil pH, carbonates, and mineral composition
in a Medium calcareous soil with 10.4% limestone, pH 8.08, and 24.03% CaCO3. Soil samples were
taken after irrigation for 4 months. Different carbonated irrigation treatments: control (tap water
pH 7.5), CO2 at 200 ppm (pH 7), CO2 at 400 ppm (pH 6.5), and CO2 at 800 ppm (pH 6). Values with
different letters denote a statistically significant difference (p < 0.05). “ns” means no differences. The
results show the mean value.

Treatment
Bare Soil Pots/CO2 Doses pH CaCO3 (%) Ca (meq/100 g Soil) Mg (meq/100 g Soil)

Control CO2 at 0 ppm pH 7.5 8.08 ± 1.15 ns 24.0 ± 2.61 ab 88.7 ± 9.75 b 4.6 ± 0.23 a
Low: CO2 at 200 ppm pH 7 8.1 ± 1.09 ns 24.9 ± 2.35 a 110.5 ± 8.37 b 3.5 ± 0.15 a

Medium: CO2 at 400 ppm pH 6.5 8.03 ± 0.98 ns 24.9 ± 2.87 a 106 ± 11.51 b 1.4 ± 0.08 b
High: CO2 at 800 ppm pH 6 7.94 ± 1.06 ns 20.9 ± 2.05 b 283.3 ± 9.44 a 4.8 ± 0.31 a

Treatment
Bare Soil Pots/CO2 Doses p (ppm) Fe (ppm) Mn (ppm) Zn (ppm)

Control CO2 at 0 ppm pH 7.5 4.4 ± 0.36 b 1.2 ± 0.12 b 3.8 ± 1.01 c 3.0 ± 0.23 b
Low: CO2 at 200 ppm pH 7 7.4 ± 0.89 ab 1.5 ± 0.25 b 5.2 ± 1.24 b 2.9 ± 0.15 b

Medium: CO2 at 400 ppm pH 6.5 9.9 ± 1.74 a 4.1 ± 1.05 a 8.6 ± 0.78 a 3.9 ± 0.08 a
High: CO2 at 800 ppm pH 6 6.6 ± 0.45 b 2.1 ± 0.39 b 4.4 ± 0.66 bc 2.2 ± 0.31 b
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Figure 1. Evolution of the soil pH after irrigation with carbonated water in pots without plants and
with 3 substrates. Treatments: schist neutral soil (S), clay medium calcareous soil (m Ca), and highly
calcareous soil (H Ca) treated with non-carbonated water (pH 7.5) and 400 ppm CO2-carbonated
water (pH 6.5).

3.2. Experiment 2: Effects of Irrigation with Acidified Water at 400 ppm CO2 on Soil and Grape
Plants in Pots with 3 Different Soils

Concerning the effects of acidified water irrigation on nutrients (Table 4), no significant
differences were observed in carbonates after acidified irrigation in Medium and Highly
calcareous soils. The solubility of micronutrients (Fe, Mn, Zn, and Cu) mainly increased in
Medium and Highly calcareous soils that received carbonated irrigation: Fe increased by
43% in Highly calcareous soil, Zn by 140% in schists and highly calcareous soils and 70% in
Medium calcareous soils, Mn increased by 60% in schists and by 140% in Highly calcareous
soils, and Cu was higher by 50% in schist and by 65% in Medium calcareous soils.

Regarding the biomass analysis to the plant after carbonated irrigation, the soil influ-
enced the chlorophyll concentration in leaves (Table 5), which was higher in all the soil
treatments except for Medium calcareous soil after irrigation with acidified water when
compared to the treatments with regular tap water during the 3 years of study. In the third
year, the chlorophyll content increased by 70% in schist and in Highly calcareous soil. The
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solubility of iron, manganese, and magnesium mainly increased in Highly calcareous soils
that received carbonated irrigation.

Table 4. Mineral composition of the soil in pots with plants with three substrates. Type of soil:
schist neutral soil, medium calcareous clay soil (medium calc-clay), and highly calcareous clay soil.
Treatment: treated with non-acidified water (Control pH 7.5) and water carbonated with 400 ppm
CO2. The results correspond to the third-year experiment on post-harvest samples (after 6 months
of carbonated irrigation). a,b: different letters denote a statistically significant difference (p < 0.05)
between treatment for the same type of soil. The results show the mean value and standard deviation.

Type of Soil Irrigation
Treatments

Fe (mg/kg
Soil)

Zn (mg/kg
Soil)

Mn (mg/kg
Soil)

Cu (mg/kg
Soil)

Carbonates
(%)

Schist Neutral Soil Control 0 ppm CO2 1.88 ± 0.75 1.90 ± 0.24 b 4.67 ± 0.23 b 0.34 ± 0.03 b 28.42 ± 3.23 b

Schist Neutral Soil 400 ppm CO2 1.62 ± 0.52 4.82 ± 0.0 a 7.54 ± 3.63 a 0.65 ± 0.02 a 42.29 ± 4.63 a

Medium calc-clay Control 6.20 ± 0.1 a 1.75 ± 0.06 b 2.77 ± 0.27 0.87 ± 0.09 b 33.58 ± 3.27
Medium calc-clay 400 ppm CO2 5.08 ± 0.19 b 2.54 ± 0.17 a 2.73 ± 0.23 1.33 ± 0.09 a 37.83 ± 2.23

Highly calcareous clay Control 4.08 ± 0.2 b 2.38 ± 0.41 b 2.36 ± 0.49 b 1.17 ± 0.16 36.79 ± 3.49
Highly calcareous clay 400 ppm CO2 5.34 ± 0.83 a 5.34 ± 0.36 a 5.13 ± 0.19 a 1.01 ± 0.15 33.29 ± 2.19

Table 5. Quantitation of chlorophyll (mg/g d.w.), magnesium (Mg mg/g d.w.), iron (Fe µ/g d.w.) and
manganese (Mn µ/g d.w.) in dried (d.w.) leaves of V. vinifera cv. Tempranillo. Plants in pots with three
different substrates. Treatments: schist soil, medium calcareous soil clay (medium calc-clay), and
highly calcareous clay treated with non-acidified water (Control pH 7.5) and 400 ppm CO2-acidified
water (pH 6.5). a,b: different letters denote a statistically significant difference (p < 0.05) between
treatment for the same type of soil. The results show the mean value and standard deviation.

FIRST YEAR

Type of Soil Irrigation Treatments Chlorophyll
(mg/g d.w.) Fe (µg/kg d.w.) Mn (mg/g d.w.) Mg (mg/g d.w.)

Schist Neutral Soil Control 0 ppm CO2 0.669 ± 0.03 b 68.83 ± 8.46 68.94 ± 12.28 2.97 ± 0.25
Schist Neutral Soil 400 ppm CO2 1.074 ± 0.02 a 83.01 ± 17.91 64.02 ± 7.11 1.66 ± 0.39
Medium calc-clay Control 0 ppm CO2 0.881 ± 0.04 99.60 ± 21.43 a 64.19 ± 11.61 4.66 ± 0.68 a

Medium calc-clay 400 ppm CO2 0.916 ± 0.05 65.77 ± 4.58 b 55.44 ± 9.39 1.75 ± 0.50 b

Highly calcareous clay Control 0 ppm CO2 0.732 ± 0.07 b 95.67 ± 8.33 b 29.39 ± 2.86 b 5.03 ± 1.06
Highly calcareous clay 400 ppm CO2 1.013 ± 0.01 a 193.36 ± 0.31 a 54.75 ± 3.91 a 3.66 ± 0.12

SECOND YEAR

Type of Soil Irrigation Treatments Chlorophyll
(mg/g d.w.) Fe (πg/kg d.w.) Mn (mg/g d.w.) Mg (mg/g d.w.)

Schist Neutral Soil Control 0 ppm CO2 1.467 ± 0.03 b 38.12 ± 4.36 a 88.89 ± 2.37 a 3.67 ± 0.27 a

Schist Neutral Soil 400 ppm CO2 2.033 ± 0.08 a 28.49 ± 3.16 b 75.32 ± 4.95 b 2.69 ± 0.12 b

Medium calc-clay Control 0 ppm CO2 1.351 ± 0.11 31.61 ± 6.32 47.14 ± 4.19 a 3.43 ± 0.17
Medium calc-clay 400 ppm CO2 1.574 ± 0.09 29.49 ± 4.48 35.29 ± 3.39 b 3.44 ± 0.16

Highly calcareous clay Control 0 ppm CO2 1.254 ± 0.17 b 22.94 ± 0.92 b 48.12 ± 1.68 b 3.81 ± 0.09 b

Highly calcareous clay 400 ppm CO2 2.007 ± 0.10 a 26.60 ± 1.35 a 61.41 ± 1.12 a 4.64 ± 0.13 a

THIRD YEAR

Type of Soil Irrigation Treatments Chlorophyll (mg/g d.w.)

Schist Neutral Soil Control 0 ppm CO2 2.49 ± 0.3 b

Schist Neutral Soil 400 ppm CO2 3.46 ± 0.8 a

Medium calc-clay Control 0 ppm CO2 2.29 ± 0.11
Medium calc-clay 400 ppm CO2 2.68 ± 0.19

Highly calcareous clay Control 0 ppm CO2 2.13 ± 0.17 b

Highly calcareous clay 400 ppm CO2 3.41 ± 0.10 a
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Table 6 shows the concentration of osmotically active solutes in grapevines leaves.
The amount of soluble sugar was higher for monosaccharides in all cases with carbonated
irrigation. Sucrose decreased in highly calcareous soil receiving the same irrigation. Starch
in leaves tends to decrease in schist soils and to increase in calcareous soils when acidified
water is applied. The ratio of soluble to insoluble carbohydrates was higher in soils with
neutral soil, and carbonated irrigation increased the ratio in all soils.

Table 6. Quantitation of sucrose, glucose, fructose, and starch in harvest leaves of V. vinifera (L.)
cv. Tempranillo. Plants in pots with three different substrates. Treatments: schist soil, medium
calcareous clay soil (medium calc-clay), and highly calcareous clay soil, treated with non-acidified
water (control pH 7.5) and 400 ppm CO2-acidified water (pH 6.5). a,b: different letters denote a
statistically significant difference (p < 0.05) between treatment for the same type of soil Values with
different letters denote a statistically significant difference (p < 0.05). Results show the mean value
and standard deviation.

Type of Soil Irrigation Treatments Sucrose
(mg/g d.w.)

Glucose
(mg/g d.w.)

Fructose
(mg/g d.w.)

Starch
(mg/g d.w.)

Schist Neutral Soil Control 0 ppm CO2 146.3 ± 1.93 b 31.9 ± 8.81 b 27.2 ± 6.9 b 23.22 ± 4.84 a

Schist Neutral Soil 400 ppm CO2 266.5 ± 26.2 a 42.8 ± 6.32 a 38.5 ± 5.4 a 13.01 ± 2.53 b

Medium calc-clay Control 0 ppm CO2 207.9 ± 31.8 b 19.9 ± 4.73 b 22.3 ± 3.8 b 6.66 ± 1.09 b

Medium calc-clay 400 ppm CO2 342.9 ± 45.1 a 54.2 ± 3.61 a 39.2 ± 0.5 a 10.05 ± 1.75 a

Highly calcareous clay Control 0 ppm CO2 194.4 ± 24.9 a 41.7 ± 3.44 b 14.3 ± 2.2 b 3.52 ± 0.73 b

Highly calcareous clay 400 ppm CO2 49.3 ± 17.6 b 65.6 ± 10.9 a 41.4 ± 5.3 a 10.82 ± 1.69 a

At harvest, there was an increase in tartaric and malic acids with carbonated irrigation
in all the soils (Table 7). No differences were found in grape ripening or maturation.

Table 7. Quantitation of malic and tartaric acid in leaves of V. vinifera (L.) cv. Tempranillo, at
beginning to ripen (V), maturation (M), and harvest (H). Plants in pots with three different substrates.
Treatments: schist soil, medium calcareous clay soil (medium calc-clay), and highly calcareous clay
soil, treated with non-acidified water (control pH 7.5) and 400 ppm CO2-acidified water (pH 6.5).
a,b: different letters denote a statistically significant difference (p < 0.05) between treatment for the
same type of soil. Values with different letters denote a statistically significant difference (p < 0.05).
The results show the mean value and standard deviation.

Type of Soil Irrigation
Treatments

Malic
(mg/g d.w.)

V

Malic
(mg/g d.w.)

M

Malic
(mg/g d.w.)

H

Tartaric
(mg/g d.w.)

V

Tartaric
(mg/g d.w.)

M
Tartaric

(mg/g d.w.) H

Schist Neutral Soil Control 0 ppm CO2 18.35 ± 1.1 19.13 ± 1.2 17.2 ± 0.7 b 141.7 ± 13.1 163.4 ± 14.6 b 151.1 ± 6.91 b

Schist Neutral Soil 400 ppm CO2 19.74 ± 1.9 18.06 ± 1.0 22.7 ± 0.4 a 204.8 ± 14.5 336.3 ± 64.0 a 174.5 ± 15.4 a

Medium calc-clay Control 0 ppm CO2 20.99 ± 3.8 20.73 ± 1.4 17.5 ± 0.9 b 197.0 ± 39.7 366.3 ± 39.6 154.8 ± 4.1 b

Medium calc-clay 400 ppm CO2 15.54 ± 1.5 19.94 ± 0.6 24.8 ± 1.1 a 262.4 ± 40.7 364.6 ± 31.9 195.3 ± 7.8 a

Highly calcareous clay Control 0 ppm CO2 20.36 ± 0.8 21.89 ± 1.9 12.6 ± 1.9 b 209.9 ± 25.1 317.5 ± 68.1 a 109.7 ± 10.5 b

Highly calcareous clay 400 ppm CO2 19.98 ± 1.9 21.11 ± 1.9 26.4 ± 3.4 a 201.7 ± 14.4 214.5 ± 50.1 b 205.9 ± 26.2 a

The results of shoot and root starch (Table 8) tests showed an increase of 100% when
acidified water was used in all the treatments except for shoot starch in schist. The root
starch concentration was usually higher than that of leaves. Citric acid in roots increased in
schist and Medium calcareous soils.

Regarding plant growth, showed in Table 9, measurements showed that root biomass
increased by 25% in medium and highly calcareous soils in the second year after irrigation
with acidified water. Significant differences in the length of shoots and leaves were found
in medium calcareous soil when irrigated with acidified water.
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Table 8. Quantitation of shoot and root starch, and citric and tartaric acid in roots of V. vinifera (L.)
cv. Tempranillo. Plants in pots with three different substrates. Treatments: schist soil, medium
calcareous clay soil (medium calc-clay), and highly calcareous clay soil, treated with non-acidified
water (control pH 7.5) and 400 ppm CO2-acidified water (pH 6.5). a,b: different letters denote a
statistically significant difference (p < 0.05) between treatment for the same type of soil. Values with
different letters denote a statistically significant difference (p < 0.05). The results show the mean value
and standard deviation.

Type of Soil Irrigation Treatments
Shoot Starch

(% d.w.)
1st Year

Root Starch
(% d.w.)
1st Year

Root Citric Acid
(mg/g d.w.)

2nd Year

Root Tartaric
Acid (mg/g d.w.)

2nd Year

Schist Neutral Soil Control 0 ppm CO2 7.8 ± 0.9 12.7 ± 0.6 b 3.0 ± 0.5 b 380.2 ± 74.1 b

Schist Neutral Soil 400 ppm CO2 8.7 ± 0.7 29.8 ± 5.9 a 8.6 ± 0.7 a 505.8 ± 56.3 a

Medium calc-clay Control 0 ppm CO2 5.7 ± 0.8 b 14.5 ± 0.9 b 4.2 ± 1.4 b 579.9 ± 52.6 a

Medium calc-clay 400 ppm CO2 10.9 ± 0.7 a 23.1 ± 4.3 a 10.3 ± 0.6 a 254.3 ± 19.6 b

Highly calcareous clay Control 0 ppm CO2 5.2 ± 0.5 b 12.7 ± 1.3 b 5.7 ± 0.8 1506.1 ± 485.9 a

Highly calcareous clay 400 ppm CO2 9.9 ± 0.6 b 32.9 ± 2.1 a 5.9 ± 0.7 326.9 ± 19.27 b

Table 9. Quantitation of dried weight (g), shoot length (cm), dried root weight (g), and leaf surface
(cm2) of V. vinifera (L.) cv. Tempranillo plants in pots with three different substrates. Treatments:
schist soil, medium calcareous clay soil (medium calc-clay), and highly calcareous clay soil, treated
with non-acidified water (control pH 7.5) and 400 ppm CO2-acidified water (pH 6.5). a,b: different
letters denote a statistically significant difference (p < 0.05) between treatment for the same type of
soil. Values with different letters denote a statistically significant difference (p < 0.05). The results
show the mean value and standard deviation.

FIRST YEAR

Type of Soil Irrigation Treatments Dried Root
Weight (g)

Dried Shoot
Weight (g) Shoot Length (cm)

Schist Neutral Soil Control 0 ppm CO2 82.61 ± 3.8 27.91 ± 3.2 b 97.12 ± 7.3
Schist Neutral Soil 400 ppm CO2 82.39 ± 9.4 39.89 ± 2.1 a 101.64 ± 8.6
Medium calc-clay Control 0 ppm CO2 58.25 ± 15.6 17.29 ± 3.8 62.21 ± 2.9
Medium calc-clay 400 ppm CO2 54.33 ± 5.2 16.96 ± 2.1 72.29 ± 1.13
Highly calc-clay Control 0 ppm CO2 21.53 ± 2.4 a 12.70 ± 0.7 a 19.71 ± 3.5
Highly calc-clay 400 ppm CO2 7.67 ± 2.9 b 1.84 ± 0.3 b 19.51 ± 5.8

SECOND YEAR

Type of Soil Irrigation Treatments Dried Root
Weight (g)

Dried Shoot
Weight (g)

Shoot Length
(cm)

Leaf Surface
(cm2)

Schist Neutral Soil Control 0 ppm CO2 95.49 ± 9.5 62.54 ± 7.08 99.2 ± 8.4 3274.3 ± 467.9
Schist Neutral Soil 400 ppm CO2 92.03 ± 7.15 67.40 ± 4.20 96.4 ± 4.5 3490.3 ± 426.3
Medium calc-clay Control 0 ppm CO2 102.75 ± 6.45 b 51.11 ± 5.82 82.7 ± 5.4 b 3279.5 ± 387.0 b

Medium calc-clay 400 ppm CO2 129.29 ± 18.0 a 52.99 ± 8.67 94.2 ± 4.8 a 4069.5 ± 621.0 a

Highly calc-clay Control 0 ppm CO2 83.94 ± 5.32 b 14.52 ± 2.54 a 68.4 ± 9.4 a 2024.3 ± 95.9
Highly calc-clay 400 ppm CO2 102.08 ± 13.9 a 10.90 ± 2.44 b 45.3 ± 4.2 b 1512.3 ± 335.2

The results of yield component and grape compositional analyses on the three-year
old plant (Table 10) showed that grape yield increased by 30% in schist neutral soils and
40% in medium calcareous soils. No differences were found in pH or malic in the grape
juice analysis. Total soluble solids increased in medium calcareous soils. Plants in highly
calcareous soils were so stressed by the high content of active limestone that in the third
year they had not yet produced grapes. Results for dried root weight, dried shoot weight
and shoot length in the second year show that the plants were stressed, and this could
affect grape production in the third year of life.
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Table 10. Quantitation of yield components and grape composition. V. vinifera (L.) cv. Tempranillo
plants in pots with two different substrates. Treatments: schist soil and medium calcareous clay soil
(medium calc-clay), treated with non-acidified water (control pH 7.5) and 400 ppm CO2-acidified
water (pH 6.5). Brix = total soluble solids, TA = titratable acidity. The results correspond to three-
year-old plants. a,b: different letters denote a statistically significant difference (p < 0.05) between
treatment for the same type of soil. Values with different letters denote a statistically significant
difference (p < 0.05). The results show the mean value and standard deviation.

Type of Soil Irrigation
Treatments

Berry
Kg/Vine pH Brix TA (g/L) Tartaric

Acid (g/L)
Malic Acid

(g/L)

Schist Neutral Soil Control 0 ppm CO2 17.2 ± 0.7 b 3.91 ± 0.007 9.8 ± 0.2 a 4.12 ± 0.07 3.85 ± 0.13 b 2.08 ± 0.08
Schist Neutral Soil 400 ppm CO2 22.7 ± 0.4 a 3.95 ± 0.009 9.5 ± 0.2 b 3.82 ± 0.07 3.94 ± 0.11 a 1.78 ± 0.02
Medium calc-clay Control 0 ppm CO2 17.5 ± 0.9 b 3.78 ± 0.006 10.5 ± 0.3 b 4.80 ± 0.01 a 4.45 ± 0.27 2.21 ± 0.15
Medium calc-clay 400 ppm CO2 24.8 ± 1.1 a 3.75 ± 0.01 10.8 ± 0.1 a 4.35 ± 0.01 b 3.85 ± 0.02 2.24 ± 0.05

4. Discussion

The results obtained in Experiment 1 for soil nutrient solubility in plastic pots holding
soil, but without plants (Table 3), indicated that the effect of decreasing pH depends on the
concentration of CO2.

Our results for the temporal decrease in soil pH (Figure 1) from 0.7 to 0.3 after treatment
with 400 ppm CO2 confirm those reported by other authors. In a previous study, there
were variations of 0.9–1 in pH reverting to values similar to initial ones approximately 2 h
after irrigation [40], with a decrease of 0.4 in pH between treated plants and control in a
sand:vermiculite:peat (1:1:1) substrate after treatment with an injected concentration of
1500–1800 ppm CO2. Other authors also reported a temporary effect from CO2 treatments
with a concentration of 150 ppm [27], and a decrease in pH by 0.3 with a concentration of
350 ppm. This temporary effect may be due to the soil-buffering capacity, i.e., the ability of
the soil to resist changes in pH. It is unlikely that a short-term reduction of less than a pH
unit, at best for one hour every 3 days for 4 months, could result in an increase in mineral
absorption by the plant.

In experiment 2, when three types of soil calcareous are being used, small changes oc-
curred in the macronutrients Ca, Mg, K, and p after irrigation with acidified water (Table 4).
In schist soils, Ca and Mg were significantly decreased, while P decreased in highly calcare-
ous soils. The authors of Ref. [41] reported an increase in P solubilization in a sandy loam
calcareous soil under simulated acid precipitation. The authors of Ref. [42] reported less
Ca and Mg in roots that received carbonated irrigation using H2SO4. In the present work,
there was a decrease in active limestone, while carbonates increased in schist soils, and
no significant differences were found in medium and highly calcareous soil. These results
are encouraging because one of the principal problems that could result from irrigation
with CO2 is that carbonates of calcium and magnesium are solubilized in the form of
bicarbonates, which release calcium and magnesium to the soil [43], and this situation did
not happen in the experiments carried out in the current study.

It has been shown that the presence of bicarbonate in the nutrient solution changes
phosphoenolpyruvate carboxylase (PEPC) enzyme activity in roots. PEPC activity increases
the concentration of organic acids in roots (particularly citric acid) in response to iron
deficiency. In an experiment conducted on Vitis vinifera L. cv. Cabernet Sauvignon on the
Fe-chlorosis susceptible Vitis riparia, grown in pots filled with calcareous soil [43], it has
been shown that iron deficiency increased the activity of PEPC in roots. An increase in
root PEPC activity induced by Fe deficiency catalyzes the incorporation of bicarbonate into
a C3 organic acid, phosphoenolpyruvate, generating oxalacetate, which is converted to
malate by malate dehydrogenase. This is the reason why PEPC activity was proposed a
biochemical marker for iron deficiency status in tolerant species [9,17,18] like some tolerant
rootstock vines that increase the activity of the root PEPC enzyme [14]. Bicarbonate also
enhanced leaf chlorophyll content with a clear independent effect on Fe nutrition [43,44].
However, calcium carbonate (active lime consists of calcium carbonate particles with a very
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small size) might react with CO2 to form soluble bicarbonate ions as well as calcium and/or
magnesium and maintain the flocculation of clay. The results of these reactions could
decrease the amount of carbonate and increase bicarbonate and active lime, which would
favor chlorosis, although according to the results observed in Table 3, this did not occur.

The results obtained in our experiment corroborate the hypothesis that the reduction
of the pH may benefit iron availability in soil. In plastic pots containing grown vines,
the iron solubility increased by 43% in highly calcareous soil after 6 months of irrigation
with carbonated water (Table 4). Other authors found higher concentrations of several
nutrients after using similar doses of CO2, artificial substrates, and hydroponic cultures,
where there were increased concentrations of Ca and Fe in silty clay soils used to grow
cultured tomatoes [45], increases from 0.28 ppm of Fe in the control to 2.34 and 2.11 ppm
in tomato samples treated with 200 and 300 ppm CO2, respectively, and similar behavior
for Zn, but decreased Ca by 30% in soils treated with CO2 [46]. Other authors, however,
reported no change in soil nutrients in eggplant culture with CO2 concentrations between
300 and 150,000 ppm [47].

Lime-stress conditions cause an important nutritional plant disorder. Variation in
the maintenance of essential mineral nutrient status may be a crucial factor in plant toler-
ance to calcareous soil conditions. Some authors reported important reductions in leaf Fe
concentration in V. vinifera (L.) ssp. sylvestris and in V. vinifera (L.) cv. Pinot Blanc under
exposure to 19.3% active lime [11,48,49]. According to our study, the amount of Fe and
chlorophyll in the leaves increased with carbonated irrigation (Table 5), with chlorophyll
being produced in all the soils, while iron only appeared in plants grown in highly calcare-
ous soils at 193 µg Fe/g dry weight against 95 µg Fe/g in the control. For the acidified
water treatments, the increased iron and chlorophyll in the leaves was observed in parallel
with the increased iron content in the soil. The chlorophyll concentrations in grapevine
leaves were like those reported by other authors [50,51].

Some authors did not observe iron chlorosis in an experiment in field-grown grapevines
in calcareous soils, although they did record a decreased chlorophyll concentration and a
50% decrease in plant growth [52]. Vines are frequently subjected to iron deficiency when
growing in calcareous soil. These plants show variable responses to bicarbonate-induced
iron deficiency depending on genotype [13,53], which also occurs in other crops [44,54,55],
and the decrease in the growth of plants with chlorosis grown in calcareous soils was lower
in resistant genotypes. The morphological and physiological parameters show different be-
havior depending on the tolerance of varieties, whether grapevines varieties were medium
tolerant or sensitive [12,56]. In this study, the increase in chlorophyll in medium and highly
calcareous soils that received carbonated irrigation resulted in an improvement in physio-
logical parameters, including shoot length, plant dry weight, chlorophyll concentration [32],
and increased yield and fruit quality.

The values of osmotically active solutes in grapevines leaves were similar to those that
have been documented by other authors [50]. Many studies have reported that drought
stress leads to a general depletion of soluble sugars and starch in leaves [57,58] that results
in the inhibition of photosynthesis, where stomata close and the internal CO2 concentration
decreases [22,59,60]. Nevertheless, experiments by other authors have reported that soluble
sugars accumulate in leaves during drought stress [61]. They propose that soluble sugars
might contribute to osmoregulation. Plants respond to drought stress by intracellular net
accumulation of soluble carbohydrates to decrease leaf water potential (more negative
osmotic potential) and, thus, avoid becoming dehydrated.

Another aspect to take into consideration is the role of inorganic ions and amino acids
in osmosis. As shown in Table 6, carbonated irrigation produces increases in monosac-
charides in the leaves of plants growing in all calcareous soils. In this work, between
50 mg and 350 mg of sucrose/g dry weight (d.w.) were measured, which were higher
than the values registered by other authors: 20–40 mg sucrose/g d.w. [62] and 30–80 mg
sucrose/g d.w. [63].
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Carbonated irrigation increased the accumulation of sucrose in Medium calcareous
but not in Highly calcareous soil. It might be suggested to increase carbon dioxide in
water (400 ppm CO2 at pH 6), given that the current dose was insufficient in this soil, or it
resulted in sucrose hydrolysis to increase glucose and fructose. Additionally, soils in this
study with large amounts of limestone are affected by a double stress: a deficit of water
and higher quantities of calcium carbonate. In some works, it was reported that starch
in leaves in calcareous soils decreases by migrating to shoot and roots, or by undergoing
hydrolysis [64]. In the present work, the amount of starch in leaves was also lower in
calcareous soil when compared with non-calcareous soils, but it increased with carbonated
irrigation. Alternatively, CO2 can activate starch hydrolysis to increase the total soluble
carbohydrates to decrease leaf water potential, which has previously been reported.

We can conclude that CO2 in water can improve stomatal behavior and gas exchange,
and when photosynthesis increases, the amount of carbohydrate in leaves also increases.
Another explanation for the beneficial effect of carbonated irrigation with CO2 on physio-
logical processes, plant growth, and chlorosis could be the uptake of CO2 by roots. The
bulk of CO2 dissolved in irrigation water can be fixed by roots and converted to malic and
citric acids and sugars. Many studies have documented this possibility in different crops,
such as with Avena sativa and Hordeum vulgar [65], where there is direct absorption through
the roots [66] and increases in 14 CO2 by approximately 18% [67].

Others works reported an incorporation of CO2 in organic acids and sugars after
absorption by roots and recovered 82% of the radioactivity applied [47]. Nevertheless, in
studies with cotton, it was concluded that none of the carbon in lint samples was derived
from the CO2 in the irrigation water [28]. They postulated that there was an increased
uptake of Zn and Mn by carbonic anhydride, which supported a more robust photosynthetic
apparatus that resulted in a significant increase in the yield of the treated plants.

Organic acids contribute to decreased iron deficiency in crops when they are cultivated
in calcareous and alkaline soils. The solubility of Fe-oxides is pH dependent in alkaline
and calcareous soils, and Fe availability is far below that required to satisfy plant demand.
An increase in bicarbonate in limestone soils can stimulate malic acid in leaves to decrease
the cellular pH and then proceed with the reduction step from Fe3+ to Fe2+ [68]. Some
mechanisms have been described for increasing the reductase activity in the roots and
leaves of resistant plants such as Cabernet Sauvignon and obtaining higher amounts of
malic acid in leaves growing in calcareous soils [1]. In the current study, the amount of
malic acid in leaves at harvest was higher in plants that received carbonated irrigation
(Table 7). Malic acid can lower the cellular pH to prevent the occurrence of Fe deficiency
and to improve plant growth [23].

In the management of the rhizosphere and soil pH, some authors found higher
amounts of organic acids (mainly citrate) in the roots of Fe chlorosis-tolerant grapevine
genotypes [49,69–71]. This fact gives rise to highlight this to be used in regenerative agricul-
ture techniques. Citric acid has an important role in Fe absorption and xylem transport of Fe
in Fe-deficient plants, and citrate metabolism may be associated with proton extrusion and
Fe (III) reduction activity [17,72]. It has been reported in some studies that the excretion of
H+ decreased the rhizosphere pH [1,3,15,73]. Studies Refs. [42,74] described approximately
2 units in calcareous soils. In the present work, the higher amounts of citric acid in roots
obtained with acid irrigation (Table 8) confirmed that this organic acid is involved in the
transport of iron to leaves, where it accumulates in higher concentrations in the leaves of
plants irrigated with carbonated water. However, the importance of H+ release by roots is
due to depression of pH in the root apoplast by neutralizing HCO3

− and, thus, providing
more optimal conditions for the reduction of iron in calcareous soils [2,5].

Starch reservoirs in shoots and roots (Table 8) increase with acidified irrigation at
the end of a vegetative cycle, with 150% in highly calcareous soil and 50% in medium
calcareous soil in comparison with the control. These result in stronger sprouts in the next
year, with root mass (Table 9) that increased due to receiving acidified irrigation, and the
differences between treatments increased with the amount of calcium carbonate in the soil.
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The starch concentrations in shoots and roots were like figures reported by other authors,
at 8–15% in shoots and 12–30% in roots [75,76].

Changes in root biomass in high limestone soils over a 2-year period (Table 9) showed
that there was a suitable increase in the performance of calcareous soils when these were
irrigated with acidified water [74]. In highly calcareous soils with a compact texture;
however, there was a decrease in shoot length. Stimulation of root growth by CO2 was
similar in calcareous soils with 10.4% and 12.8% limestone. Nevertheless, the growth of
roots and shoots in medium and highly calcareous soils during the first year was strongly
inhibited, probably due to the compact soil texture in highly calcareous soils that produces
stress and other difficulties for root expansion, and thus reduces aerial growth. This
inhibition disappeared during the next year due to the ability of grapevines to adequately
adapt to stress conditions, and growth clearly increased with acidified water treatments.
The increase in root biomass indicates the beneficial effect of enriching water with CO2.

Soils containing high concentrations of limestone have a greater ability to retain water.
A carbonated agent can, therefore, act longer, leading to a decrease in pH and an increase in
growth at the root level. It was found that the growth of lettuce roots decreased when the
soil was treated with a solution containing CO2 at a concentration of 200 ppm [77]. Some
studies with barley and peas showed stimulated growth of roots at 500 ppm, although
growth was somewhat inhibited in both cultures at 1000 ppm and totally inhibited in peas
at 1500 ppm [65]. However, in cereals at the same concentrations, there were no appreciable
effects. The toxicity of CO2 at high concentrations (1000 ppm and more) can explain why
the growth of roots is stimulated with moderate concentrations (400 ppm or 500 ppm) and
why it is inhibited with high concentrations when plants are irrigated with carbonated
water. Increases have been documented in stolon length, root systems, and overall dry
weight of potato plants that received CO2 applications to the root zone [67,78].

In the grape juice from grapevines grown in pots, carbonated irrigation increased
the assimilated synthesis, and the grapes contained higher amounts of sugar and less
acid (Table 10). Data are not available in the literature regarding the effect of carbonated
irrigation water on grape quality. With other crops, there have been reported increases
of approximately 30% for crude protein, crude fat, ash, and carbohydrates in hydroponic
peanut seeds grown with CO2-enriched irrigation water [79]. In the present work, an
increase was obtained between 30% and 42% for kg grape/vine with 400 ppm CO2 irriga-
tion water when compared with the control treatment. Other authors have documented
higher yields with carbonated irrigation of different crops, such as cantaloupe, potato, and
wheat, with high variability depending upon the CO2 concentration, substrata, and plant
species [80].

The authors of Ref. [26] measured an increase of approximately 44% for the fruit yield
of cucumber with carbonated irrigation. The authors of Ref. [27] used CO2-enriched water
at 150 ppm and reported increases in cucumber yield by 10–25%. A previous study [28]
grew cotton in a glasshouse with 1500–1800 ppm CO2 and measured increases in yield of
53–80%. Other studies [29,30] obtained moderate results with strawberry yield and fruit
size when the plants were treated with 1000 ppm and 2000 ppm CO2 (with only increases
of 2% and 6–8%, respectively). The authors of Ref. [31] documented no increase in tomato
or cucumber yield with treatments of 500 ppm and 1000 ppm CO2. Another study [40] also
did not observe an increase in gladiolus yield with the same CO2 concentration in water.

5. Conclusions

Our results confirm that when vineyards of Vitis vinifera (L.) cv. Tempranillo are
irrigated with acidified water in calcareous soils, the availability of nutrients in the soil
increases. This has several advantages for viticulture and the environment, such as im-
proving the development of the plant, increasing the production and quality of the grape,
and reducing the use of synthetic fertilizers, which are harmful to the environment. The
carbonated irrigation, when compared with schist soil (non-calcareous), has been shown
to modify soil pH and increase the absorption of nutrients, as well as assess the impact of
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chlorosis on the physiology of the variety, improve primary metabolism, and stimulate the
synthesis of chlorophyll. The control of chlorosis also increases growth and yield, as well
as the composition of the grape. Globally, treatment with 400 ppm CO2-enriched water
provides the most optimal results. In any case, the solubility of nutrients depends on the
type of soil, the pH of the irrigation water, the substrate used for acidification, and the type
of culture. The higher levels of chlorophyll, obtained in calcareous treatments, can support
the thesis that irrigation with CO2 enables more efficient control of ferric chlorosis. The
dose and frequency of irrigation are important for a vineyard because they determine how
long the drop in pH lasts and what its effects will be. Thus, vineyards located in areas
with low annual rainfall are the ones most suitable for using carbonated water in irrigation.
Our data provide evidence of the effectiveness and physiological responses of agronomic
strategies, as an alternative to the use of synthetic Fe chelates as EDTA or o,o-EDDHA for
preventing Fe chlorosis in susceptible Tempranillo (Vitis vinifera L.) vineyard in calcareous
soils, with less of a risk to the environment.

Author Contributions: Conceptualization, M.L. and M.N.; methodology, M.L., A.M. and A.S.-O.; formal
analysis, M.L., A.M. and J.V.; investigation, M.L. and M.N.; resources, A.M. and J.V.; writing—review
and editing, M.L. and A.S.-O.; supervision, M.N. and A.S.-O.; project administration, M.L. and A.S.-O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Carburos Metálicos SA and the National Project “Contribution
of rootstocks to water and carbon balances National Project”: structural and dynamic components
and relative to production and quality grapes and wine.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data were obtained from experimental vineyard of the public univer-
sity, URV, and from a private company, Raimat, with the permission of both.

Acknowledgments: The authors acknowledge the support of Carburos Metálicos SA and Raimat
Wineries for allowing the performance of part of the experiment in their vineyards, in Raimat (Lerida).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brancadoro, L.; Vanoli, M.; Zoocchi, G. Adaptive responses to high concentration of HCO3 in Cabernet Sauvingnon. Acta Hort.

1996, 427, 75–81. [CrossRef]
2. López-Rayo, S.; Sanchis-Pérez, I.; Ferreira, C.; Lucena, J. [S,S]-EDDS/Fe: A new chelate for the environmentally sustainable

correction of iron chlorosis in calcareous soil. Sci. Total Environ. 2019, 647, 1508–1517. [CrossRef] [PubMed]
3. Dell’orto, M.; Brancadoro, L.; Scienza, A.; Zocchi, G. Use of biochemical parameters to select grapevine varieties resistant to

iron-chlorosis. J. Plant Nutr. 2000, 23, 1767–1775. [CrossRef]
4. Dell’orto, M.; De Nisi, P.; Pontiggia, A.; Zocchi, G. Fe deficiency responses in Parietaria diffusa: A calcicole plant. J. Plant Nutr.

2003, 26, 2057–2068. [CrossRef]
5. Mengel, K. Iron availability in plant tissues-iron chlorosis on calcareous soils. Plant Soil 1994, 165, 275–283. [CrossRef]
6. Nikolic, M.; Römhel, V. The Dynamics of Iron in the Leaf Apoplast. Significance for the Iron Nutrition of Plants. In The Apoplast of

Higher Plants: Compartment of Storage, Transport, and Reactions. The Significance of the Apoplast for the Mineral Nutrition of Higher
Plants; Sattelmacher, B., Horst, W.J., Eds.; Springer: Dordrecht, The Netherlands, 2007; pp. 353–371.

7. Bavaresco, L.; Bertamini, M.; Iacono, F. Lime-induced chlorosis and physiological responses in grapevine (Vitis vinifera L. cv. Pinot
blanc) leaves. Vitis 2006, 45, 45–46.

8. Römheld, V. The chlorosis paradox: Fe inactivation as a secondary event in chlorotic leaves of grapevine. J. Plant Nutr. 2000,
23, 1629–1643. [CrossRef]

9. Rombolà, A.D.; Tagliavini, M. Iron Nutrition of Fruit Tree Crops. In Nutrition in Plants and Rhizospheric Microorganisms; Abadía, J.,
Barton, L., Eds.; Springer: Berlin, Germany, 2006; pp. 61–83.
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