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Abstract

Aim of study: The main aim of this study was to evaluate the effect of overliming with dolomitic lime on the topsoil and grapevine
macro-nutritional levels (both petiole and grape tissues), as well as on berry weight and must quality properties in grapevines growing on
an acid soil.

Area of study: The study was carried out in the viticultural region of El Bierzo (Spain), one of the main wine protected designation of
origin in the northwest of Spain.

Material and methods: The effects of overliming were studied in soil parameters, petiole and grape tissues, as well as in must quality
during three years (2014-2016). Data analysis was performed using factorial ANOVA (both parametric and non-parametric tests have been
used).

Main results: The results found on the soil levels of magnesium and phosphorus were mirrored by those shown in petiole and grape
tissues. Data suggest that insufficient Mg supply in vineyard acid soils could lead to a lower P vascular movement in vines. Additionally, our
findings suggest that a great decrease of K levels in vine tissues as a consequence of overliming, could lead to changes in harvest quality.

Research highlights: Overliming with dolomitic limestone in large quantities decreased soil exchangeable K, as well as improved
supply of exchangeable Mg and available P. Additionally Mg and P levels in both petiole and grape tissues were significantly affected by
overliming.

Additional key words: nutrient interaction; phosphorus; potassium; grape seeds; grape skins

Abbreviations used: AAS (atomic absorption spectrometry); AICEC (Al saturation of the cation exchange capacity); C (control); Ca-
CEC (Ca saturation of the cation exchange capacity); Cap (Ca content in petioles); Cas (Ca content in seeds); Cas, (Ca content in skins); CCE
(calcium carbonate equivalent); CEC (cation exchange capacity); d (effect size); D (liming dose); EC (soil electrical conductivity); ICP-AES
(coupled plasma atomic emission spectroscopy); Kp (K content in petioles); Ks (K content in seeds); Ksc (K content in skins); KCEC (K
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Introduction

Soil acidification is caused by a number of factors.
Among the main ones on agricultural land are the appli-
cation of ammonium-based fertilizers and urea, elemental
sulfur fertilizer and the growth of legumes, cause the loss
of base cations, an increase in aluminium (Al) saturation

and a decline in crop yields (Goulding, 2016). Thus, this
degradation process can be alleviated, or largely avoided
by effective crop production practices. Liming is one of
the main methods used by farmers to enhance the ferti-
lity of acid soils because it decreases the contents of ex-
changeable Al** by replacement with calcium (Ca*") and
magnesium (Mg?*), and also the contents of soluble Al**
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by precipitation with the hydroxyl anions generated by
carbonate hydrolysis in the soil solution. The application
of adequate quantities of liming materials to acid soils en-
courages various beneficial physical, chemical and biolo-
gical changes in the soil. In this sense, liming improves
the structural conditions (aeration) and increases the bioa-
vailability of phosphorus (P), Ca, Mg, and molybdenum
(Mo) nutrients (Olego & Garzon, 2014).

Among the base cation lost as a result of soil acidifi-
cation is the potassium (K), which is essential for vine
growth and yield. Potassium, the major cation in grape
juice (in such a way that high juice K decreases free acids
and increases overall wine pH), has significant physio-
logical-biochemical roles in vines like osmotic potential
regulation, and although other cations may replace K in
some of its functions, it plays a major role because plant
membranes are highly permeable to K and it is the most
abundant cation in plant tissues (Mpelasoka et al., 2003).

On the other hand, although most soils contain abun-
dant phosphorus (P), it is considered as a major limiting
factor of crop production (naturally, including the produc-
tion of grapes), playing an important role in photosynthe-
sis, respiration, and the regulation of many enzymes and
signal receptors. Insufficient P supply appears to restrict
Mg transport in the xylem (Skinner & Matthews, 1990),
a nutrient which, on the other hand, is already limiting in
many acid soils. Thus, in vineyard acid soils (pH<5.5),
P is one of the major limiting nutrients (Kochian et al.,
2004), which gives another good reason to ameliorate the-
se soils through liming.

Despite the beneficial effects of liming over soil acidi-
ty (eliminating toxicity to Al**, Mn*", Fe*" or hydronium
ions (H;O") toxicity, improving soil physical fertility or
enhancing the availability of Ca, Mg, P and Mo), inade-
quate liming rates, i.e. overliming, could create deficien-
cies of micronutrients (Fageria & Baligar, 2008). Additio-
nally, the consequences of such overliming could be yield
reduction and decreased availability of P (Sanchez, 2019).
This P deficiency could be induced through the formation
of insoluble Ca phosphates. On the other hand, overli-
ming with dolomitic limestone, which comprises mainly
the mineral dolomite, which is made of a Ca and Mg dou-
ble carbonate (CaMg(COs3),), could result in higher Mg?*/
K" rates and so poor K* availability (Goulding, 2016).

Although extensive research has been carried out on
the effects of liming on the properties of acid soils, over-
liming and its effects on soil fertility and plant nutrition
have been poorly reported. Specifically, the impact of
overliming on the nutritional status of vines cultivated
under acidic soils, as well as its nutrient content of grape
tissues, crop yield and must quality, have not been investi-
gated until today. Since limitations in a particular nutrient
often also impacts the uptake and transport of other nu-
trients, overliming and its effects on both vine nutritional
status and harvest quality should be an important concept
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in the management of the vineyard under soil acidic con-
ditions. We believe this is the first study to address this
knowledge gap. The aim of this work was to investigate
the different effects caused by overliming, with dolomitic
limestone in a vineyard acid soil with a very low Mg con-
tent, on K and P nutrients at three levels: (i) soil bioavai-
lability, (ii) petiole and (iii) grape berry tissues (seeds and
skins). Finally, the impact of overliming on both berry
weight and harvest quality was evaluated.

Material and methods
Study site

A commercial vineyard located around 550 meters abo-
ve sea level in the municipality of Villafranca del Bierzo
(Ledn; Spain) with geographic coordinates of 42°37'N la-
titude and 6°45'W longitude, was selected as the study site
(Fig. 1). From a climatic point of view, the grape growing
region would be classified as Region I (< 1,390 Celsius
degree-days) based on the system devised by Amerine
& Winkler (Jackson, 2020). The mean reference evapo-
transpiration (FAO Penman-Monteith) and rainfall were,
respectively, 907.7 and 648.3 mm yr' during 2014-2016
(SIAR, 2020). The parent material of the viticultural soil
under study (order Inceptisol; USDA, 2017) and its com-
mon clay minerals, as well as the bioclimatic characteris-
tics where is located, have been previously described in
Olego et al. (2016).

The research was conducted on the Vitis vinifera L.
subsp. Mencia variety>50-year-old grafted on a Rupestris
du Lot rootstock, which has been classified as highly sen-
sitive to soil acidity (Fraguas, 1999). Planting lines dis-
played an east-west orientation; vines were spaced 0.5 m

Figure 1. Map of the location of the research area (North orien-
tation is shown in the lower right corner). The thick black line
in the upper left corner reflects the province of Leon, whereas
the grey area in the lower left corner reflects the municipality of
Villafranca del Bierzo (Spain).
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between them, whereas the width of the rows was 0.6 m.
Plants were head trained with 3—4 arms, with 6—8 nodes
retained per plant at winter pruning. Winter pruning left a
thumb-sized arm with two buds. The vineyard had no irri-
gation system support and a no-tillage system was applied
during the research period. Finally, no fertilizers or extra
amendments other than those used in this research were
applied to the investigated vineyard.

Characterisation of the liming materials and
liming doses

The composition of the liming material used in this
study had the following composition: 31.1% CaO and
18.4% MgO (information suministrated by the company
manufacturer (Calfensa®)), with a Ca carbonate equiva-
lent (CCE) of 101.2%. A hypothetical liming rate was
calculated with the aim of decreasing the Al saturation of
the cation exchange capacity (CEC) down to 20%. In this
regard, 20% exchangeable Al can be considered to repre-
sent a critical value to ensure an adequate degree of base
saturation, i.e. 80%, required by most crop plant species
(Fageria & Baligar, 2008). Specifically, the lime require-
ment was calculated using the known Cochrane’s formula
(Cochrane et al., 1980), and resulted to be around 4120 kg
CCE ha’!, which would correspond to 4000 kg of dolomi-
tic lime ha'! according to its CCE. Taking into account the
lime requirement calculated, and given that a single lime
applications above 3500 kg CCE ha'! is not very advisable
for an approximate soil depth of 30 cm (Porta ez al., 2019),
as well as the previous noted lack of studies regarding the
effects of overliming, it was decided to apply three and
nine-fold overliming doses compared with that calculated
to achieve an Al saturation of the effective CEC of 20%
(thus, 12000 and 36000 kg of dolomitic lime ha'). Effec-
tive CEC, which was determined with a solution buffered
using ammonium as the exchanger cation (MAPA, 1993),
was obtained as the arithmetic sum of the concentrations
of the exchangeable Ca, Mg, K and Al (sodium (Na) con-
centrations were negligible). The dolomitic limestone was
in a powdery state, and was uniformly spread onto the
entire surface of the subplots, and were incorporated with
one-pass tillage on January 2014.

Experimental design

The overliming factor was applied in four levels or
treatments: control untreated with lime (C), liming with
adequate dose (D), and overliming with three (OD3) and
nine-fold dose (OD9), with three replications per treat-
ment. The study plot was split into twelve subplots with
six vines in each one (with two buffer vines and one buffer
row between subplots). Because of the homogeneity of
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the soil area under study, the treatment replications were
distributed among the twelve subplots in a completely
random design with three treatments per row.

Soil sampling and analyses

Before the amendments were added, the following soil
properties: texture, soil organic matter (SOM), soil pH in
0.01 M CaCl, (pHs), soil electrical conductivity (EC), Ca,
Mg, K and Al content, as well as P content, were eva-
luated at 0-30 cm soil depth using the methods indicated
below. The choice of this soil study depth was based on
the fact that a large proportion of the vine rhizosphere was
found to be developing at this depth.

After the amendments were added in January 2014,
the effects of liming on the following soil properties in
each subplot were monitored for three years (2014, 2015
and 2016): pHs, exchangeable CaCEC, MgCEC, KCEC
and AICEC (by dividing the sum of Ca, Mg, K and Al by
the effective CEC), as well as P contents. This monitoring
was conducted by sampling the soil at 0-30 cm depth at
the senescence phenological stage (end of leaf fall).

The soil samples (before and after liming) were collec-
ted using an auger. Then they were sealed in plastic bags,
transported to the laboratory and air-dried at room tem-
perature. Next, they were disaggregated to pass a 2-mm
mesh sieve, and analysed. Textural classes according to
USDA were determined by the Bouyoucos (1962) hy-
drometer method. Next, the following methods of analy-
sis were used for the determination of (i) SOM by wet
oxidation followed by titration with ferrous ammonium
sulfate (MAPA, 1993), (ii) pH determination in 0.01 M
CaCl, (pHs) (Benton, 2001), (iii) soil EC at 25°C in a
soil:water (1:2.5) suspension (MAPA, 1993), (iv) the con-
tent of exchangeable cations (Ca, Mg and K) by extrac-
tion with successive aliquots of 1 M ammonium acetate
(NH,C,H;0,) (MAPA, 1993), and subsequent analysis of
the displaced cations by atomic absorption spectrometry
(AAS) (v) the exchangeable Al determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
using 1 M KCI as the extraction solution (Little, 1964),
and (vi) the P levels were determined by ultraviolet-visi-
ble spectroscopy (UV-V) after successive extraction with
sodium bicarbonate 0.5 M at pH 8.5 (Benton, 2001).

Leaf sampling and analyses

The Ca, Mg, K and P content in petioles (Cap, Mg,
Ky and Py respectively), were annually monitored at the
veraison phenological stage (berries begin to colour and
enlarge). Specifically, around 20 basal petioles opposite
bunches were randomly collected per subplot each year.
They were sealed in paper bags and transported to the
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laboratory. The leaves were carefully rinsed with abun-
dant deionized water, and then dried for three days at
70°C (Bavaresco et al., 2010). Next, they were wet diges-
ted with an acid mixture of perchloric, sulphuric and nitric
acid at 420 °C during 20 minutes (Calleja, 1978), and the
nutrient contents in the extracts determined by ICP-AES.

Grape sampling and analyses

The grapes were sampled at harvest every year (at the
second half of September). From each subplot, one hun-
dred grape berries were randomly chosen to determine
the average berry weight (W) as well as the must quality
parameters. The grape must of each subplot was obtained
manually from the one hundred berries by gently pressing
the grapes, using rubber gloves to avoid sample contami-
nation. In the must thus obtained, the following harvest
quality properties were determined (i) real acidity (pH),
(i1) total soluble solids (TSS), that were measured using a
refractometer (iii) total acidity (TA), that was determined
by titration of the grape must with sodium hydroxide (0.1
M) to an endpoint of pH 7, and expressed as the equiva-
lent content of tartaric acid in g/L, and finally, malic acid
(MA) and tartaric acid (TcA) that were determined by
enzymatic methods (340 and 492 nm respectively) (OIV,
2018). The seeds and skins from one hundred grapes were
manually separated from flesh and immediately dried at
60 °C to constant weight. Ca, Mg, P, and K content in both
dried seeds (Cas, Mgg, KS and Pg respectively), and skins
(Cag,, Mgg, Kg, and Pg, respectively), were determined
by ICP-AES after wet digestion with an acid mixture of
perchloric, sulphuric and nitric acid at 420 °C during 20
minutes (Calleja, 1978).

Comparisons between treatments

Statistical analyses were performed using R software
(R Core Team, 2019). Several ANOVAs were carried out
to study the effect of liming and overliming, with four le-
vels or groups, namely: C, D, OD3 and OD?9, i) on the soil
chemical properties, ii) on the petiole nutrient contents,
iii) on the berry weight and must quality properties and
finally, v) on the grape tissue nutrient contents.

In all the ANOVAs the year of sampling with three
levels (2014, 2015 and 2016) was also included as a block
factor. Therefore, a two-way ANOVA (treatment (T) and
sampling year (Y)) was used for the soil chemical proper-
ties, nutrient levels in petioles, berry weight, harvest qua-
lity properties, and grape nutrient contents. If the interac-
tion between factors presented a significant effect, we did
not interpret any main effects, because the higher-order
interaction supersedes it. In that case, the effect of treat-
ment was split independently for each year of the research
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and studied using post hoc contrasts to determine which
groups differed significantly. On the other hand, if the
interaction between factors did not present a significant
effect, the main effect of treatment dose was interpreted
independently of the factor year, whereas the main effect
of the factor year was ignored.

To carry out an ANOVA the hypotheses of univariate
normal distribution and homocedasticity of the data have
to be tested in advance. However, before that, an outlier
analysis of the data was developed. The univariate norma-
lity hypothesis for every variable, as a function of T and
Y, was tested using the Shapiro-Wilk test. Although the
analysis of variance (ANOVA) is fairly robust in terms of
the error rate associated to violations of the assumption of
homogeneity of variance (homocedasticity) when sample
sizes are equal (Field et al., 2012) as occurs in the present
study, the null hypothesis that the variances of the groups
are not different was tested using Levene’s tests (again
as a function of T and Y). When normality and homosce-
dasticity (equal variances) were violated, robust statistical
methods were used, because violating these two assump-
tions is a serious practical concern (Mair & Wilcox, 2020).
When the F statistic of ANOVAs was large enough to be
statistically significant, post hoc contrasts (Bonferroni as
parametric contrasts or trimmed means (Mair & Wilcox,
2020) as non-parametric ones) were carried out to find
out which groups significantly differed (*significant at the
p<0.05 level; **significant at the p<0.01 level; ***sig-
nificant at the p<0.001 level). Throughout the research,
despite the significant effect of liming treatment showed
by ANOVA on some of the study parameters, contrasts
did not reveal significant differences. A possible explana-
tion for the above is the control of the family-wise error
rate (Type I error rate) of the post-hoc procedures. Finally,
to assess the importance of the potential significant effect
in ANOVAs for the differences between pairs of groups,
effect sizes (d) were calculated. Rather than rely on sig-
nificance, we also quantified the effect of both liming and
overliming in a standard way as an effect size which can
be helpful in gauging the importance of that effect (Field
etal.,2012).

Soil initial characterization before liming and
overliming

In Table 1 the baseline characteristics of the acid soil
under study (at 0-30 cm depth) before liming are shown.
The Al saturation of the CEC was 58% in the 0-30 cm layer
(this exchangeable Al content was clearly above the 20%
threshold established). Very low exchangeable Ca and Mg
contents were also found. Assuming that the soil contains
26.2% clay and 1% organic matter, with a pHs=4.12, it
is reasonable to estimate that the clays in this soil consist
mainly on iron (Fe) and Al oxides and kaoilinite, which
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Table 1. Average characteristics before liming and overliming
in the 0-30 cm soil layer (Number of samples: 3).

Soil parameter Value
Sand (%) 32.1
Silt (%) 41.6
Clay (%) 26.2
Textural class (USDA) Loam
pHs 4.12
EC (dS/m) 0.04
SOM (%) 1.00
Ca (cmol(+)/kg) 0.85
Mg (cmol(+)/kg) 0.06
K (cmol(+)/kg) 0.25
Al (cmol(+)/kg) 1.60
P (mg/kg) 10.0

have a great affinity for phosphate ions. However, P levels
did not show extreme low values; perhaps previous P ma-
nagement strategies are the reason for that.

Results
Soil properties

In Fig. 2 the time evolution of means and standard
errors (SE) for pHs, CaCEC, MgCEC, P, KCEC and Al-
CEC for the treatment and control subplots, throughout
the three years of monitoring, are showed. There are ob-
vious differences in performance efficiency between li-
ming doses, and specifically OM9 stands out for its ability
to drop drastically KCEC and AICEC levels, as well as to
enhance MgCEC and P levels for the first two years. Si-
milarly, it is necessary to highlight the effect of this over-
liming treatment in the soil pH levels.

ANOVAs were used to determine if the differences
between liming treatments (T) were statistically significant,
and furthermore, if they depended on the year of sampling
(Y), and the interactions between both (Table 2). Because
violations of parametric assumptions, robust ANOVA me-
thods were used in pHs, CaCEC and P levels. According
to the ANOVAs there was a significant effect of the liming
treatment on all soil properties (pHs, CaCEC, MgCEC, P,
KCEC and AICEC). Besides, the effect of year of sampling
was non-significant on every of the soil properties, whereas
the effect of liming treatments significantly change with
the year of sampling, which is revealed by the significant
interaction between both factors (T x Y), for the CaCEC
and MgCEC levels. To know where significant differences
between liming doses lie out, i.e., which means are signi-
ficantly different, we must compare all pairs through post
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hoc methods (Bonferroni’s or robust pairwise post hoc con-
trasts (trimmed means); Table 3). Besides there was a sig-
nificant effect of the liming treatment on CaCEC, post hoc
contrasts did not reveal significant differences. A possible
explanation for the above is the control of the Type I error
rate of the post-hoc procedures in the robust method.

Petiole nutrient contents

The evolution of Cap, Mgp, Kp and Pj levels in petioles
for the liming and overliming treatments, and control sub-
plots throughout the research was evaluated. Fig. 3 shows
the time evolution of means and SE for petiole nutrients
for the treatment and control subplots, throughout the
three years of monitoring. Leaving aside the differences
between treatments, it is remarkable the low levels showed
by CaP (optimal range: 1.86-2.09 %), and the appropriate
levels showed by Mg, (optimal range: 0.78-0.95 %) in all
those subplots that were limed or overlimed, as well the
above optimal ranges showed by K, (optimal range: 1.14-
1.68 %) in control subplots.

As in the case of soil parameters, ANOVA was used to
investigate if the differences between treatments were statis-
tically significant, and furthermore, if they depended on the
year of sampling, and the interactions between these two fac-
tors (Table 4). Because violations of parametric assumptions,
robust ANOVA method was used in P; levels. According to
the ANOVAs there was a significant effect of the liming
treatment on Mg, K; and Pp. Additionally, year of sampling
was significant on K and Pp, whereas the effect of liming
treatments significantly did not change in any of the petiole
parameters, whereas the effect of liming treatments did not
significantly change with the year of sampling (non signifi-
cant interaction between both factors T x Y). Bonferroni’s or
robust pairwise post hoc contrasts (trimmed means), revea-
led significant differences (Table 5). Specifically Py contrasts
did not reveal significant differences. Again, a possible ex-
planation for the above is the control of the Type I etror rate
of the post-hoc procedures in the robust method.

Berry weight, must quality and grape nutrient
levels

The evolution of the berry weight (W), harvest quality
parameters (pH, TSS, TA, MA and TcA) and grape nu-
trient levels (in seeds and skins), in the treatment and con-
trol subplots, were evaluated throughout the three years
of monitoring. Figs. 4, 5 and 6 show the time evolution of
means and SE for harvest data as well as nutrient content
in grape skins and seeds respectively.

Again, an ANOVA was carried out to investigate if the
differences in harvest parameters, as well as in the grape
tissue nutrient contents, between liming treatments were
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Figure 2. Mean values of the soil parameters pHs, CaCEC, MgCEC, P, KCEC and AICEC for each treatment (2014-
2016). Treatments: control (C), liming dose (D) and overliming with three (OD3) and nine-fold dose (OD9). Means
values are showed above error bars. Error bars reflect the SE of the mean (+ 1 SE mean).

Table 2. Factorial analysis of variance performed on soil parameters (pHs, Ca-
CEC, MgCEC, P, KCEC and AICEC) at leaf fall stage.

Soil parameter F-value (T) F-value (Y) F-value (TxY)
pHs 22.4 (2.20-10%%) 0.07 (0.97) 12.0 (0.32)
CaCEC 19.1 (1.20-10"%*) 5.64 (0.15) 31.0 (2.50-10%*)
MgCEC 18.9 (1.68-10***)  0.81 (0.46) 2.53 (0.04%)
P 38.6 (2.00-10-2%%) 5.63 (0.13) 9.03 (0.45)
KCEC 5.77 (4.07-10°2%%) 1.15(0.34) 0.69 (0.66)
AICEC 36.0 (4.84-109%**) 1.19 (0.32) 2.31(0.07)

p values in parentheses, i.e. *, ** and *** denote a significant difference between
treatments at p<0.05, p<0.01 and p<0.001, respectively. The variability in the soil
parameters pHs, CaCEC and P were evaluated through robust ANOVA (F-distri-
buted Welch-type test statistic), whereas MgCEC, KCEC and AICEC were eva-
luated through parametric ANOVA (F-test). T: treatment. Y: year.
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Table 3. Post hoc methods performed on soil parameters (pHs, CaCEC, MgCEC, P,

KCEC and AICEC) at leaf fall stage.

Soil parameter C D OD3 ODb9
pHs 420+0.03a  4.38+0.09a  4.47+£0.14 a 5.18+0.26 a
CaCEC (%) (2014)  30.7+1.65a 37.6+3.12 a 35.5£3.04a  233+7.13a
CaCEC (%) (2015)  27.3+£0.08 a 37.3£2.35a  40.843.32a 50.5£10.2 a
CaCEC (%) (2016)  33.5+0.04 a 31.9+2.55a 32.742.32 a 30.8+1.74 a
MgCEC (%) (2014) 4.84+0.72 a 10.145.00a  20.747.28a  60.2£7.27b
MgCEC (%) (2015) 4.18+0.27 a 17.1£7.11 a 20.8+8.86 a 32.349.00 a
MgCEC (%) (2016)  6.35+2.10a  17.7+3.52ab  27.2+6.41ab  30.7+6.53 b
P (mg/kg) 12.840.38 a 17.3+£1.19a  21.0£3.65ab  26.5£3.74 b
KCEC (%) 9.78+0.25 a 10.3+0.53 a 10.3+0.67a  7.28+0.75b
AICEC (%) 54.6+1.39a  39.2+1.97b  30.5£2.71b 16.844.68 ¢

Means =+ SE followed by a different letter indicate significant differences between treat-
ments at least p<0.05. When effect of both treatment and interaction between year and
treatment was significant (i.e., p<0.05), post hoc contrasts were performed separately
for each year (in parentheses). Treatments: lime (C), liming with adequate dose (D),
and overliming with three (OD3) and nine-fold dose (OD9). Effect sizes (d) in absolute
value of significant comparisons: MgCEC (2014; C<OD9 (d=6.18), D<OD9 (d=4.63),
0OD3<0D9 (d=5.52)); MgCEC (2016; C<OD9 (d=2.90)); P (C<OD9 (d=1.72); D<OD9
(d=1.11)); KCEC (C>0D?9 (d=1.50), D>0D9 (d=1.55)), OD3>0D9 (d=1.42)); AICEC
(C>D (d=0.47), C>0OD3 (d=3.74), C>0D9 (d=3.64), D>0D9 (d=2.07), OD3>0D9

(d=1.19)).
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Figure 3. Mean values of the petiole nutrients (Cap, Mgp, Kp and Py) for each treatment at veraison time (2014-2016). Treat-
ments: control (C), liming dose (D) and overliming with three (OD3) and nine-fold dose (OD9). Means values are showed above
error bars. Error bars reflect the SE of the mean (+ 1 SE mean).
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Table 4. Factorial analysis of variance performed on petiole nutrients (Cap, Mgy,

Ky and Pp) at veraison stage.

Petiole nutrient F-value (T) F-value (Y) F-value (TxY)
Cap 2.15(0.12) 24.8 (1.43-10-6**%*) 1.94 (0.12)
Mgy 3.56 (0.03%) 0.78 (0.47) 0.35(0.91)
Kp 6.50 (2.25-103**)  5.15(1.38-102%) 0.64 (0.70)
Py 30.2 (3.00-10**)  26.6 (3.00-10-3%%*) 15.4(0.17)

p values in parentheses, i.e. *, ** and *** denote a significant difference
between treatments at p<0.05, p<0.01 and p<0.001, respectively. The variability
in the petiole parameter Pp was evaluated through robust ANOVA (F-distributed
Welch-type test statistic), whereas CaP, MgP and K, were evaluated through pa-
rametric ANOVA (F-test). T: treatment. Y: year.

Table 5. Post hoc methods performed on petiole nutrients (Cap, Mgp, Kp and Pp) at veraison stage.

Petiole nutrient C D OoD3 OD9

Cap (%) 0.57+0.03 a 0.64+0.04 a 0.67+0.06 a 0.63+0.06 a
Mgp (%) 0.62+0.05 a 0.71£0.04 ab 0.80+0.04 b 0.79+0.03 b
Kp (%) 2.21+0.11 a 1.95+0.04 ab 1.92+0.05 ab 1.74+0.11 b
Py (%) 0.23+£0.01 a 0.294+0.02 a 0.36+0.05 a 0.33+0.04 a

Means + SE followed by a different letter indicate significant differences between treatments at least
p<0.05. Treatments: lime (C), liming with adequate dose (D), and overliming with three (OD3) and
nine-fold dose (OD?Y). Effect sizes (d) in absolute value of significant comparisons: Mgy (C<OD3
(d=1.33), C<OD9 (d=1.58)); K» (C>0D9 (d=1.42)).

statistically significant, and furthermore, if they depended
or interact with the year of sampling. For berry weight and
must quality parameters, only TcA required robust ANO-
VA because of violation of parametric assumptions, while
in the case of the berry nutrient levels, only differences
between means of Cag were assessed using robust ANO-
VA methods. According to the ANOVA none of the treat-
ments had any significant effect on berry weight and must
quality parameters, but, as might be expected, there was a
significant effect of year of sampling (a vintage effect) on
all harvest parameters (Tables S1 and S2 [suppl.]).
According to the ANOVAs in grape tissue nutrient
contents (Table 6), there was a significant effect of the li-
ming treatment on nutrient content in seeds (Mgs and Ks)
and skins (Mg, and Pg). Additionally, year of sampling
was significant on Cas, Pg, K and Kg,, whereas the effect
of liming treatments did not significantly change with the
year of sampling. Bonferroni’s or robust pairwise post
hoc contrasts (trimmed means) revealed where significant
differences lied out in seeds and skins (Table 7). As in the
case of the soil and plant data, overliming seems to have a
remarkable effect on Mg, K and P content in grape tissues.

Correlations between nutrient levels

With regard to P and K nutrients, relationships between
soil and vine tissues levels were investigated to evaluate
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potential links. Additionally, relationships between K/Mg
levels in both soil and vine tissue levels have also been
evaluated (Fig. 7). There were no strong overall relations-
hips (Pearson correlation > +0.50), between KCEC and
K content in vine tissues, while two of them (KCEC - K,
(*) and K, - Kg (*)) were moderate (Pearson correlation
+ 0.30 - £0.49). Regarding the P nutrient, one strong re-
lationship between petioles and grape skins was observed
(Pp - Pg (*¥*%)), whereas another moderate one between
grape seeds and skins (Pg - Pg, (*)) also was observed.

Stronger relationships were observed when K/Mg le-
vels were evaluated. This way, the following strong rela-
tionships were observed: KCEC/MgCEC - Kp/Mgp (**%),
Kp/Mgp - Kg/Mgg (*¥**) and Kp/Mgp - Kg/Mgg, (*¥*%).
Additionally, moderate relationships between KCEC/Mg-
CEC - K¢/Mgs (**), KCEC/MgCEC - Kg/Mgg, (*) and
Ks/Mgs - Kg/Mgg, (*) were also observed.

Discussion

As expected, overliming was more effective than li-
ming in increasing soil CaCEC and MgCEC levels as
well as decreasing soil AICEC levels. However, only op-
timal petiole nutritional levels (Garcia-Escudero et al.,
2013) for the nutrient magnesium (Mgp) were achieved
in limed or overlimed subplots. At first, there is no doubt
that the application of dolomite has promoted both an
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Figure 4. Mean values of the harvest parameters (W, pH, TSS, TA, MA and TcA) for each treatment (2014-2016).
Treatments: control (C), liming dose (D) and overliming with three (OD3) and nine-fold dose (OD9). Berry weight
(W) is expressed per berry basis whereas total acidity (TA) is expressed as g tartaric acid per 1. Means values are
showed above error bars. Error bars reflect the SE of the mean (+ 1 SE mean).

increase on P availability as the dose of dolomite increa-
sed and a decrease on KCEC. In our research, overli-
ming did not induce soil P deficiency, which suggests
that the vineyard soil under study does not have high
P-fixation capacity, as well as that the overliming doses
in this research have not promoted such a great solu-
bilization of Ca and Mg that due to its affinity to those
basic cations (Ca?* and Mg*"), the formation of insoluble
complexes were induced. Specifically, a high concen-
tration of Ca relative to that of phosphate outside the
roots might counteract a temporary uptake of phosphate
(Jakobsen, 1979). The lowered in KCEC could be exp-
lained by an opening up of K selective exchange sites
that were blocked by Al at low pH or as lowered percent
K saturation caused by the increased CEC (Magdoff &
Bartlett, 1980).
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Although Busenberg & Plummer (1989) suggested
that the CaCO; component of dolomite dissolves faster
than the MgCO; component, the findings on MgCEC of
the current study do not support this previous research.
Apparently, CaCEC observed in this investigation only
shows a marked increase in its levels for liming and over-
liming in the second year of research. While the increase
in Cap levels in liming and overliming with respect to con-
trol subplots observed in both 2015 and 2016, suggests
that this inconsistency in our findings may be due to the
soil sampling procedure, it should not be surprising that
even if there are high CaCEC levels in soils, this is not the
case for vine tissues, because Ca could be sequestered in
vacuoles present in the root system (Storey et al., 2003).

With regard to Mg as a competing ion in cation exchan-
ge reactions, and taking into account the well documented
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Table 6. Factorial analysis of variance performed on nutrient level in grape tissues (seeds and skins) at

harvest stage.

Grape nutrient  Grape tissue F-value (T) F-value (Y) F-value (TxY)
Ca Seeds 4.72 (0.32) 13.2 (0.02%) 16.1 (0.18)
Skins 0.29 (0.83) 2.91(0.07) 1.57 (0.20)
Mg Seeds 25.8 (L.11-10°7***) 0.62 (0.55) 1.45(0.24)
Skins 7.79 (8.42-104%**) 0.30 (0.74) 0.81 (0.57)
K Seeds 3.80 (0.02%) 28.5 (4.59-107**%*) 1.84 (0.13)
Skins 0.39 (0.76) 25.4 (1.19-106%%%*) 1.23(0.32)
P Seeds 12.9 (3.23-10-%*%) 5.62 (9.98-1073*%*) 1.00 (0.45)
Skins 18.4 (2.01-106%*%) 2.42 (0.11) 2.38 (0.06)

p values in parentheses, i.e. *, ** and *** denote a significant difference between treatments at p<0.05,
p<0.01 and p<0.001, respectively. The variability of the Ca levels in seeds, was evaluated through robust
ANOVA (F-distributed Welch-type test statistic), while the variability in the seed and skin levels of the
other nutrients were evaluated through parametric ANOVA (F-test). T: treatment. Y: year.

Table 7. Post hoc methods performed on seed (Cap, Mgp, Kp and Pp) and skin nutrients (Casy, Mgsy, Ksx and Pg)

at harvest stage.

Berry nutrient C D 0oD3 (0)) 1)
Cas (%) 0.05+£0.02 a 0.05+£0.02 a 0.08+£0.03 a 0.03£0.01 a
Mgs (%) 3.91-10-3+1.30-103 a 0.01£3.56-10% a 0.01£3.63-10°b  0.01+2.82:10° b
Ks (%) 0.43+0.02 a 0.42+0.01 a 0.44+0.01 a 0.45+0.01 a
Ps (%) 0.13£0.01 a 0.18£0.01 b 0.22+0.01 b 0.21+0.01 b
Cag (%) 0.04£1.62-10% a 0.04+1.20-10% a 0.04£1.66-10%a  0.04+1.84:107 a
Mgsi (%) 0.03+4.32-10% a 0.03+£9.37-107 ab 0.04+1.17-10°b  0.03£1.09-10° b
K (%) 0.92+0.02 a 0.93+0.03 a 0.92+0.04 a 0.90+0.03 a
Py (%) 0.06+3.23-10% a 0.07+3.73-10° ab 0.09+4.71-10% ¢ 0.07£2.22-103 b

Means + SE followed by a different letter indicate significant differences between treatments at least p<0.05.
Treatments: lime (C), liming with adequate dose (D), and overliming with three (OD3) and nine-fold dose
(OD?9). Effect sizes (d) in absolute value of significant comparisons: Mgs (C<OD3 (d=2.63), C<OD?9 (d=4.74),
D<OD3 (d=1.50), D<OD9 (d=2.76)); Ps (C<D (d=1.41); C<OD3 (d=2.25); C<OD?9 (d=2.26)); Mgs: C<OD3
(d=2.33), C<OD9 (d=2.24); Pg (C<OD3 (d=2.49), C<OD?9 (d=1.42), D<OD3 (d=1.59), OD3>0D9 (d=1.63)).

effect of K/Mg interaction, since in this research we have
overlimed with dolomitic limestone, one of the main risks
of vineyard soil Mg in excess may be interfere with K
uptake. In this sense, since interactions between nutrients
depending on the nutrient supply, the potential antagonis-
ms between nutrients resulting from soil overliming could
modify vine growth and yield. To the above, it should be
added that Ca should not be disregarded as another source
of antagonistic interaction with K. On the other hand, it is
possible to hypothesise that both liming and overliming
have improved soil structure, which in turn had improved
root penetration and internal drainage (van Leeuwen et
al., 2018), and consequently, better nutritional conditions
for the vines (because soil physical properties affect nu-
trient movement and uptake in grapevines; Cass, 2005).
Although in the third year of the investigation, both
liming and overliming showed a decrease in the intensity
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of their effect on soil properties the residual effect of do-
lomite on MgCEC is still very remarkable. If we take into
account that the length of the residual effect of liming can
be estimated by decreases in aluminum saturation (which
will determine when additional lime should be applied),
data seem to show that four (or perhaps five) years after
the initiation of the research it would be necessary to li-
ming again. In any case, three years after the start of the
investigation, the residual effect of overliming (OD3 and
0OD9) on soil MgCEC, P and AICEC levels was clearly
higher compared to liming dose (D).

Results of relationships between K levels in soil and
vine tissues indicate the complexity in regulating K up-
take by the roots, and to partition K between the vege-
tative and reproductive tissues (Xiao et al., 2020). Since
our vineyard had no irrigation system support, it could
conceivably be hypothesised that because an increase in
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Figure 7. Pearson correlations between contents in soil, petiole and grape tissues (seeds and skins)
for both K and P nutrients, as well as for K/Mg ratio.

the root uptake of K under irrigated conditions account
for elevated grapevine and berry K accumulation (Mpela-
soka et al., 2003), stronger relationships between K pools
could have showed if overliming had been develoved
under irrigation system. P and K relationships seem to
confirm the idea that a model in which nutritional com-
position of compartments connected in series are related
to and influenced by the next compartment (soil - root -
xylem - leaves - fruits) does not work directly proportio-
nal, and other environmental conditions may play a more
important or confounding role (Peuke, 2009). Further stu-
dies, which take these variables into account, will need to
be undertaken to provide more evidence on nutrient trans-
port and distribution in the grapevine.

The positive correlations found between K/Mg rates
seem to indicate that whereas the rate KCEC/MgCEC
does not reach extreme levels in either direction, K and
Mg accumulated in the petiole and grape tissues at similar
rates. In this sense, overliming doses used in this research
don't seem to have been high enough, at least under the
growing conditions of this study, to cause this effect. The
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above, is consistent with that of Xiao (2019), who in its
research about concentrations of soil, petiole and grape K,
Ca and Mg cations of an established rootstock trial, found
positive correlations between whole berry Mg and K con-
tent. Even more, since K uptake by the plant is affected by
the antagonistic effect of Mg (Zlamalova et al., 2015), it
can be therefore assumed that as overliming dose increa-
ses, a greater decrease on KCEC could be showed and,
finally, a lower levels in vine and grape tissues. An im-
plication of the above is the possibility that overliming
would have negative effects on key roles of K in vine
(photosynthesis and stomatal control, biotic and abiotic
stress resistance or pollen tube growth) and grape matura-
tion (cell expansion and growth, phloem unloading, seed
reserve storage, stomatal control or regulation of berry
turgor) (Rogiers et al., 2017).

Since the increase of Mg availability has increased P
content in petiole and grape tissues, and because insuffi-
cient P supply appears to restrict Mg transport in the xylem,
leading to a Mg deficiency (Skinner & Matthews, 1990),
it could conceivably be hypothesised that insufficient Mg
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supply in vineyard acid soils could restrict in vines P vas-
cular movement. On the other hand, the effect of overli-
ming on K concentration in petiole and grape tissues is less
evident. While in the petioles overliming seems to cause a
decrease in K levels, in grape tissues this antagonistic effect
doesn't seem so obvious. This could be related to the hete-
rogeneous nature of leaves and its nutritional demands and,
consequently, regulation of ionic uptake which are remar-
kably different in various cells, even of one leaf (Shabala,
2003), as well as with the differential mobility of this nu-
trient in the phloem and xylem, although the phloem is the
predominant route for K entry into the berry after veraison
(Rogiers et al., 2006). As almost all K found in plant tissues
is taken up by roots, it is not surprising that K transport
systems in roots are the most studied, although the majority
of K in vines is found in the stems, leaves (Shabala, 2003),
being the most abundant cation in the grape berry (Rogiers
et al.,2017). Thus, several questions remain unanswered at
present with regard to long distance transport of K in vines.
In any case, since not all nutrient deficiencies are caused
by insufficient nutrient availability, our findings suggest
that overliming could be a way to decrease the amount
of exchangeable K in vineyard acid soils, and therefore, a
source of nutritional imbalance in the vine. The above is, if
possible, even more important taking into account the im-
portance of mineral nutrition and nutrient balance on gra-
pevine, and within a climate change context, it is of crucial
importance to know how changes in environmental factors
can affect plant nutritional status and the K concentration of
must, which is central to wine quality (Leibar et al., 2017).

Both liming and overliming did not significantly affect
berry weight and must quality. Our results could suggest
that the Al saturation (AICEC, i.e. exchange acidity) rea-
ched with both liming and overliming is still a little high
and so even after the treatments, the vines are still so-
mewhat constrained by the acidic growing conditions. In
other words, even after overliming some Al dissolution
can occur. Additionally, due to the influence of several
other biophysical factors (such as soil type and climate),
liming can lead to the absence of significant differences
in yield quality (Holland et al., 2018). Because of the
significant seasonal effect on the yield-pH relationship
showed by Holland et al. (2019), in their long-term li-
ming experiment dedicated to several crop yields respon-
se to soil acidity, it would be appropriate a greater num-
ber of years of data to understand both lime and overlime
crop response better (in terms of both yield and quality).
Despite the fact that previous studies showed that liming
did not cause significant differences in grape harvest
quality properties (Quiroga et al., 2017), our results also
suggest that although the practice of liming (and by ex-
tension overliming) may affect them, the potential for ex-
tensive storage and mobilization of nutrients within the
woody parts of the vine may explain the delay in vine
harvest response even in the case of overliming.
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The anthocyanin levels in berries, which have not stu-
died in this research, are protected, apparently, from de-
gradation in cell vacuoles by high amounts of Mg (Sinilal
et al., 2011). It can therefore be assumed that overliming
with a liming material without MgCO; in its composition
could materialize detrimental effects in the development
of the color of the grape. Even more so, previous studies
evaluating P forms in leaves and their relationships with
must composition and yield in grapevine, have showed a
positive correlation between P content in leaves and total
anthocyanin content in berries (Piccin et al., 2017). The-
refore, overliming and its links with Mg and P availability
could be a major factor, if not the only one, in the color
quality of harvest under soil acidity conditions. This is an
important issue for future research.

Perhaps, detrimental effects in both yield and/or har-
vest quality as a result of overliming can be seen most
commonly noted in wine-growing variable-charge
soils when overliming increases pH values greater than
those showed in this research. With regard to this sub-
ject, it is possible to hypothesise that more clear trends
would appear on yield and harvest quality, as well as on
soil availability levels and its content in vine tissues, de-
veloping the research with younger vines and/or using
higher overliming doses. Further work is required to es-
tablish the overliming doses that could induce substan-
tially changes in both quantitative and qualitative harvest
parameters. The generalisability of our results is subject
to certain limitations, like the overliming dose as well as
the nature of soil acidity. Additionally, understanding of
nutrient partitioning in vines and the effects of overliming
on it, may be further elucidated by research into the rela-
tionship between soil and vine nutrient status as well as
nutrient-nutrient interactions.
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