
ABSTRACT: Soil composition plays a critical role in viticulture, influencing grapevine physiology and modulating wine characteristics 

through edaphic-climatic interactions. In the semiarid São Francisco Valley of Brazil, where viticulture is expanding under tropical conditions, 

the effects of soil variability on wine quality remain underexplored. This study assessed the impact of five distinct Ultisol types, differing in 

texture, drainage capacity, and mineralogy, on the phenolic profile and antioxidant capacity of Syrah and Tempranillo red wines. Grapes 

were cultivated under uniform vineyard management practices, and microvinification followed standardized protocols. Wine samples were 

analyzed for physicochemical attributes, total phenolics, flavonoid subclasses, and antioxidant activity. Ultisols with higher clay content 

and better water retention promoted the accumulation of anthocyanins and stilbenes, enhancing antioxidant potential. Syrah was more 

responsive to edaphic variability than Tempranillo, particularly under soils with higher water-holding capacity. Despite these soil-driven 

effects, interannual variation in wine composition was predominantly governed by climatic factors, notably temperature and precipitation. 

Principal component analysis revealed that both soil type and vintage shaped distinct enological profiles, highlighting the synergistic 

influence of pedological and climatic elements on grape and wine chemistry. These findings emphasize the need for soil-informed vineyard 

management strategies to optimize phenolic expression and antioxidant capacity in tropical terroirs. This study contributes to a deeper 

understanding of soil-plant-wine interactions in semiarid viticulture and reinforces the role of soil variability as a determinant of enological 

potential in emerging wine regions.
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INTRODUCTION

The physical and chemical properties of soil play a crucial role in determining grape and wine composition. Soil serves 
as a fundamental reservoir of water and nutrients for grapevines, influencing key parameters such as sugar accumulation 
and tannin levels (Verdenal et al. 2021). Elements like potassium and calcium are particularly relevant in viticulture, as their 
concentrations impact grape metabolism and wine characteristics. While an excess of these elements can increase wine 
alkalinity, balanced calcium levels contribute to soil structure enhancement, facilitating water retention, root penetration, 
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and buffering pH fluctuations (Nistor et al. 2022). Such interactions underscore the intricate relationship between soil 
composition and wine quality.

Beyond soil properties, climatic conditions, including solar radiation, temperature, and precipitation, exert a profound 
influence on grapevine physiology and, consequently, the sensory and chemical attributes of wine. These environmental 
variables regulate both vegetative and reproductive vine growth, shaping yield and grape composition (Mansour et al. 2022). 
Additionally, vineyard management practices, such as planting density, training systems, rootstock selection, and winemaking 
protocols, further modulate the final product’s organoleptic properties (Visconti et al. 2024). Collectively, these elements 
define the concept of terroir, which imparts distinctive characteristics to wines produced in different regions worldwide.

Red wines are particularly rich in phenolic compounds, which are broadly classified into flavonoids and non-flavonoids. 
The flavonoid group includes catechin, epicatechin, epigallocatechin, and procyanidins, along with anthocyanins such 
as malvidin, peonidin, pelargonidin, cyanidin, and delphinidin (El Rayess et al. 2024). These compounds are associated 
with antioxidant, antimicrobial, and bactericidal properties. Non-flavonoid phenolics, including benzoic and cinnamic 
acids, as well as stilbenes, most notably resveratrol, also contribute to wine bioactivity, although typically present at lower 
concentrations. The phenolic profile of wine has garnered attention in epidemiological studies due to its potential protective 
effects against cardiovascular diseases, neurodegenerative conditions, and cancer (Buljeta et al. 2023). Thus, understanding 
the factors influencing phenolic accumulation is critical for both viticulture and enology.

Terroir-related factors, particularly soil type and microclimatic conditions, significantly influence wine composition, even 
when vine clones and winemaking techniques remain constant (Billet et al. 2023). In European viticulture, soil classification 
plays a pivotal role in defining wine typicity, as distinct soil types affect phenolic compound synthesis and accumulation 
in grapes (Gajek et al. 2021). Additionally, it has been seen soil water-holding capacity impacts grape metabolic pathways, 
thereby shaping the chemical and sensory attributes of the resulting wines (Ramos et al. 2020). These insights highlight the 
necessity of investigating soil properties in emerging wine regions to optimize grapes and wine quality.

The São Francisco Valley, located in northeastern Brazil, represents a key viticultural region, particularly for table 
and wine grape production. This region is responsible for the highest volume of grape exports in Brazil, with the states of 
Pernambuco and Bahia accounting for 60 and 37% of total national exports, respectively (Souza Leão and Carvalho 2024). 
While a portion of the harvest is allocated for fresh consumption, most grapes are destined for winemaking, whether 
through industrial or artisanal processes.

Among the grape cultivars grown in the Brazilian semiarid region, Syrah and Tempranillo stand out due to their adaptability 
to diverse climatic and edaphic conditions. These varieties have been successfully cultivated in different viticultural zones 
worldwide and are the principal cultivars for red wine production in this region. Thus, we hypothesized that different Ultisol 
types significantly influence the phenolic composition, antioxidant activity, and physicochemical properties of Syrah and 
Tempranillo red wines, with soils of higher clay content leading to enhanced phenolic accumulation and wine quality, 
despite climatic conditions exerting a dominant influence over inter-harvest variations. 

Consequently, this study aimed to evaluate the impact of different Ultisol types on the physicochemical characteristics, 
phenolic composition, and antioxidant activity of Syrah and Tempranillo red wines produced in the São Francisco Valley. By 
elucidating these relationships, this research contributes to a deeper understanding of terroir effects in tropical viticulture, 
offering valuable insights for both local wine production and broader enological applications.

MATERIALS AND METHODS

Study area and sample strategy

The vineyards are in the Sub-middle São Francisco Valley (9°S, 40°W), at approximately 360 m altitude. The region 
has a hot semiarid climate (BSwh, Köppen-Geiger), with an average annual temperature of 27°C, relative humidity around 
50–60%, and mean annual precipitation of 500 mm, concentrated between November and April. During the experimental 
period (2017–2018), air temperature in both Lagoa Grande and Casa Nova municipalities ranged from 19 to 36°C. Rainfall 
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in 2017 remained below the long-term regional average, occurring mainly in February–March, whereas the first semester 
of 2018 experienced higher and more regularly distributed precipitation. Solar radiation averages 2,800 h.year-1, enabling 
grapevines to complete more than one production cycle annually; harvest scheduling follows viticultural management 
criteria and market demand (Oliveira et al. 2019).

All vineyards were drip-irrigated using localized emitters, and irrigation volumes were adjusted to meet the crop’s 
phenological water demand, increasing with canopy expansion, reaching maximum supply near mid-cycle, and decreasing 
toward the end of the vegetative phase. Irrigation procedures were uniformly applied across plots of the same variety to 
ensure a comparable moisture supply.

Two wine-grape growing areas with distinct soil types were selected and classified according to the Food and Agriculture 
Organization of the United Nations (2015). In the first area (Lagoa Grande, PE), Tempranillo was grafted onto rootstock 
IAC 572, grown in: 
•	 PVA: Red-Yellow Argisol with clayey texture; 
•	 PA1: Yellow Argisol with medium to clayey texture in a concave pedoform and imperfect drainage; 
•	 PA2: Yellow Argisol with medium gravelly to gravelly-clayey texture, stony phase, containing only 30% fine earth  

(< 2 mm) (Fig. 1). 

Figure 1. Study area and soil properties of vineyards in the São Francisco Valley, Brazil.

The Tempranillo vineyard was 8 years old and trained on an upward-vertical trellis system, spaced at 3 × 1 m, with 
harvests occurring in May 2017, November 2017, and May 2018.

In the second area (Casa Nova, BA), Syrah was grafted onto rootstock IAC 766, cultivated in: 
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•	 PA3: Yellow Argisol with medium gravelly texture, stony phase, containing ~50% ferruginous concretions up to 0.25 m; 
•	 PA4: Yellow Argisol with sandy to medium texture and good drainage (Fig. 1). 

The Syrah vineyard was 7 years old, also trained on an upward-vertical trellis system and spaced at 2.2 × 1 m, with 
harvests conducted in July 2017, January 2018, and July 2018. The physical and chemical properties of these soils are 
presented in Table 1.

Table 1. Physical and chemical properties of soils in the São Francisco Valley, Brazil.

Soil
Soil 

fraction 
> 2 mm

Granulometric composition (%)

pH

Ca2+ Mg2+ K+ Na+

P
mg·kg-1

Sand 
0.02– 
2 mm

Silt 
0.002–

0.02 mm

Clay < 
0.002 

mm
cmolc·kg-1

PVA 9.5 50.3 16.2 33.5 5.7 3.9 3.1 0.19 0.04 71

PA1 3.0 65.3 13.5 21.2 6.6 3.4 2.3 0.18 0,08 111

PA2 70.6 64.2 20.3 15.5 7.3 5.7 3.4 0.52 0.11 335

PA3 42.5 58.3 10.9 30.8 6.7 4.1 1.9 0.10 0.13 9

PA4 5.0 73.7 7.6 18.7 7.1 2.6 1.4 0.18 0.09 19

PVA: Red-Yellow Argisol; PA1: Yellow Argisol, medium/clayey texture; PA2: Yellow Argisol, medium texture/gravelly clay; PA3: Yellow Argisol, medium gravelly 
texture; PA4: Yellow Argisol, sandy/medium texture.

Although soil variability is common in these landscapes, each soil type used as a treatment (PVA, PA1, PA2, PA3, PA4) 
corresponded to a discrete and previously mapped soil unit, not a within-plot gradient. Before establishing the experimental 
plots, detailed soil surveys verified internal uniformity regarding diagnostic horizons, texture, stoniness, and drainage 
conditions. Repeated auger inspections confirmed morphological homogeneity within each unit, ensuring that soil types 
represent distinct treatments.

The plots for each variety were located within a 500-m radius to maintain homogeneous climatic exposure. Cultural 
practices, canopy management, soil management, and irrigation scheduling were standardized within each grape variety 
across all soil types. Each plot covered ~90 m2 and contained 30 vines, from which approximately 45 kg of grapes were 
hand-harvested per treatment. Grapes were transported to the Embrapa Enology Laboratory in 20-kg containers and stored 
at 10 ± 2°C to remove field heat.

Continuous monitoring of soil moisture was not performed during the experimental period. However, vineyard phenology 
was actively regulated through pruning schedules aligned with regional climatic conditions, and drip irrigation was applied to 
complement rainfall according to the estimated field capacity of each soil type. Under this management approach, no visible 
symptoms of severe water deficit were observed on the foliage during the growth cycles. Therefore, any differences in vine water 
status among treatments are interpreted as relative and soil texture–mediated, rather than as imposed or acute water stress.

Enological analysis of grapes and winemaking

Production per plant, per hectare, and the number of bunches per plant were determined for each treatment. Subsequently, 
300 berries were randomly collected from each soil type, with 10 berries per plant from different parts of the bunches, for 
a total of 100 berries per replicate. In the laboratory, the mass of the berries was measured. The must obtained by crushing 
the grape berries was then analyzed to determine the volume, hydrogen potential (pH), total titratable acidity (TTA), and 
total soluble solids (TSS) (Brix), following the methodologies proposed by the International Organization of Vine and Wine 
(OIV 2016). The microvinification procedures were conducted using Saccharomyces cerevisiae var. bayanus (commercial 
product Mycoferm Crio SP) as the fermentation starter, with Zimovit used as a biological activator.

The grapes were manually de-stemmed, weighed, lightly crushed, and placed into 20-L glass containers, with 15 kg 
of grapes in each vat, fitted with Müller valves. Traditional red wines were produced following standard protocols, with 
temperature control during fermentation and the use of antioxidants (potassium metabisulfite). Alcoholic fermentation 
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was conducted at 25 ± 2°C for five days, with daily pumping over. After this period, pressing was performed, and the wines 
were transferred to 10-L containers to continue alcoholic fermentation. Malolactic fermentation was then initiated at  
18 ± 2°C. Upon completion of this stage, the wine was racked, corrected for sulfur dioxide, bottled, and stored at 16 ± 2°C 
for 30 days in a horizontal position for stabilization. 

Physicochemical analysis of wines

The pH, TTA, volatile acidity (VA), relative density, alcohol content, total dry extract, and free and total sulfur dioxide 
were analyzed using the methods outlined by the OIV (2016). Total monomeric anthocyanins were determined using 
the pH-differential spectrophotometric method (Lee et al. 2005). Total phenolic content was assessed using the Folin-
Ciocalteu spectrophotometric method. The total polyphenol index was obtained by measuring absorbance at 280 nm using 
a spectrophotometer (Quimis, Brazil).

The color was determined by measuring the absorbance of the wine at 420 nm (yellow), 520 nm (purple), and 620 nm 
(blue) in a spectrophotometer with quartz cuvettes. Antioxidant activity was evaluated using the free radical capture method 
ABTS (Re et al. 1999), and results were expressed as millimoles of Trolox equivalent per liter of wine (mM TEAC.L-1). 
Chromatographic analysis of individual phenolic compounds in the wines was carried out according to the methodology of 
Silva Padilha et al. (2017), using an Agilent 1260 Infinity LC HPLC (Santa Clara, United States of America) equipped with 
a diode-array detector (model G1315D). Data analysis and processing were performed using OpenLAB CDS ChemStation 
Edition software (Agilent Technologies, Santa Clara, United States of America).

Data analysis

The experimental design was a randomized block design consisting of three treatments and three replications for the 
Tempranillo variety, and two treatments and three replications for Syrah. Treatments corresponded to different soil types 
for each variety. Results were subjected to analysis of variance (ANOVA) and compared using the Tukey’s test (p < 0.05). 
Results are expressed as mean ± standard deviation (SD).

To assess the phenolic profile and antioxidant activity of wines according to the soil types in which the vines were grown, 
data were standardized (mean = 0, SD = 1) prior to principal component analysis (PCA). PCA was performed using Statistical 
Package for the Social Sciences (Chicago, IL, United States of America), and component loadings were interpreted to identify the 
compounds most strongly associated with each principal component, allowing evaluation of soil, variety, and rootstock effects.

RESULTS

During the experimental period, rainfall followed the typical seasonal pattern of the Sub-middle São Francisco Valley, 
with higher precipitation in the first semester and lower rainfall in the second one, under consistently high temperatures. 
Both vineyard areas experienced comparable regional climatic conditions. Although supplemental drip irrigation was 
applied, periods of relatively lower soil water availability were more likely during stages of high crop demand, particularly 
from post-flowering to berry ripening, especially in coarser-textured soils (PA2 and PA4). No visible symptoms of severe 
water deficit were observed on the foliage. Thus, the differences discussed herein are interpreted as subtle to moderate, soil 
texture–mediated water limitations rather than acute water stress.

Grape and vine properties

Grapes from Tempranillo grown in PA1 and PA2 soils produced significantly higher yields per plant and hectare, nearly 
double those from PVA. Syrah grapes grown in PA4 (sandy loam to sandy clay loam) showed superior performance in yield, 
berry weight, and must volume when compared to PA3 (Table 2).
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Table 2. Yield components and must characteristics of Tempranillo and Syrah Grapes in different soil types of the São Francisco Valley, Brazil*.

Soil
Production 

per plant
Production 

per ha
Bunches 
per plant

Weight
(100 berries)

Volume
(100 berries) pH

TSS TTA

kg T un g mL °Brix g·L-1

TEMPRANILLO

PVA 1.8 ± 0.67b 5.9 ± 2.25b 13.8 ± 3.19b 154.5 ± 18.36a 82.7 ± 17.51a 3.5 ± 0.19a 21.8 ± 2.08a 6.6 ± 1.10a

PA1 3.1 ± 0.64a 10.4 ± 2.12a 20.2 ± 3.83a 167.5 ± 19.69a 88.7 ± 11.70a 3.3 ± 0.14a 20.4 ± 1.96a 6.6 ± 1.55a

PA2 2.7 ± 0.52a 9.2 ± 1.76a 17.6 ± 4.47ab 166.0 ± 17.37a 90.8 ± 16.76a 3.5 ± 0.21a 19.9 ± 1.67a 6.9 ± 1.30a

SYRAH

PA3 0.8 ± 0.32b 3.7 ± 1.48b 10.6  ± 4.36a 146.7 ± 9.37b 58.6 ± 13.88b 3.8 ± 0.43a 21.8 ± 1.67a 6.3 ± 1.20a

PA4 1.4 ± 0.16a 6.5 ± 0.73a 13.1  ± 2.28a 173.9 ± 11.92a 74.6 ± 11.92a 3.7 ± 0.22a 21.6 ± 0.97a 6.1 ± 1.05a

*Means within a column followed by the same letter are not significantly different, as determined by the Tukey’s test at the 5% significance level; pH: hydrogen 
potential; TSS: total soluble solids; TTA: total titratable acidity; PVA: Red-Yellow Argisol; PA1: Yellow Argisol, medium/clayey texture; PA2: Yellow Argisol, medium 
texture/gravelly clay; PA3: Yellow Argisol, medium gravelly texture; PA4: Yellow Argisol, sandy/medium texture. Must refers to the unfermented grape juice 
(including skins, seeds, and pulp), representing the initial matrix that determines the potential composition and quality of the resulting wine.

Wine analysis

Tempranillo wines from Red-Yellow Argisol (PVA) exhibited higher dry extract across all harvests (Table 3). In harvest 1,  
total acidity and density in PVA were significantly higher, while total polyphenol index exhibited higher values in PA2 during 
harvests 1, and in PVA during harvests 2 and 3. No significant differences in pH were observed across soils. Alcohol content 
differed among soils in harvests 2 and 3, with lower values in PA2 and PA1, respectively. Intensity also varied in harvests 2 
and 3, being lower in PA2 in harvest 2 and in PA1 and PA2 in harvest 3. Tonality differed in harvests 1 and 3, with higher 
values in PA1 (harvest 1) and in PA1 and PA2 (harvest 3).

Table 3. Classical analyses of Tempranillo red wine from different soil types in the São Francisco Valley, Brazil, across three harvests*.

Classic 
analyses

Harvest 1 Harvest 2 Harvest 3

PVA PA1 PA2 PVA PA1 PA2 PVA PA1 PA2

pH 4.13
 ± 0.02a

4.08
 ± 0.00a

4.19
 ± 0.01a

4.04
 ± 0.04a

4.00
 ± 0.05a

4.07
 ± 0.00a

3.84
 ± 0.01a

3.86
 ± 0.01a

3.87
 ± 0.03a

Total acidity
(g.L-1)

5.16
 ± 0.17a

4.99 
 ± 0.20b

4.73
 ± 0.06b

4.57
 ± 0.11a

4.39
 ± 0.11a

4.57
 ± 0.11a

6.68
 ± 0.11a

6.38
 ± 0.32a

6.53
 ± 0.32a

Volatile 
acidity
(g.L-1)

1.17
 ± 0.06a

1.06 
 ± 0.08b

1.21
 ± 0.01a

0.92
 ± 0.0b

1.05
 ± 0.02a

0.73
 ± 0.03c

0.30
 ± 0.00a

0.30
 ± 0.00a

0.30
 ± 0.00a

Alcohol 
(%) v/v

12.7
 ± 0.23a

12.9 
 ± 0.16a

12.6
 ± 0.28a

11.3
 ± 0.03a

11.4
 ± 0.08a

10.8
 ± 0.18b

10.6
 ± 0.17a

9.8
 ± 0.29b

10.3
 ± 0.51a

Density
(g.mL-1)

0.998
 ± 0.00a

0.994 
 ± 0.00c

0.996 
 ± 0.00b

0.994
 ± 0.00a

0.991
 ± 0.00b

0.994 
 ± 0.00a

0.998
 ± 0.00a

0.998 
 ± 0.00a

0.998
 ± 0.00a

Dry extract
(g.L-1)

36.5
 ± 2.40a

30.7 
 ± 1.20b

33.5
 ± 0.92b

25.2
 ± 0.00a

22.3
 ± 0.21c

23.7
 ± 0.00b

35.2
 ± 0.98a

31.7
 ± 0.50b

32.9
 ± 0.42b

SO2 free
(mg.L-1)

37.6
 ± 0.36a

32.7 
 ± 2.17b

40.7
 ± 3.26a

25.6
 ± 0.00a

28.1
 ± 3.62a

26.2
 ± 6.34a

44.8
 ± 1.81a

37.1
 ± 1.81c

40.9
 ± 0.00b

SO2 total
(mg.L-1)

53.7
 ± 0.00c

72.7 
 ± 1.45a

63.2
 ± 7.60b

51.4
 ± 7.60b

68.6
 ± 3.62a

53.7
 ± 4.36b

71.6
 ± 25.3a

71.6
 ± 10.8a

78.0
 ± 1.81a

Intensity 5.8
 ± 0.27a

5.4
 ± 0.10a

5.6
 ± 0.45a

5.2
 ± 0.10a

4.7
 ± 0.47a

3.6
 ± 0.05b

14.3
 ± 0.30a

8.8
 ± 0.89b

9.9
 ± 0.12b

Tonality 0.8
 ± 0.02b

0.9
 ± 0.01a

0.8
 ± 0.03b

0.7
 ± 0.03a

0.7
 ± 0.03a

0.8
 ± 0.17b

0.70
 ± 0.01b

0.73
 ± 0.01a

0.72
 ± 0.01a

Total 
polyphenol 

index

57.1
 ± 0.37c

58.0
 ± 0.12b

60.9
 ± 0.04a

37.1
 ± 0.49a

35.3
 ± 0.17b

33.3
 ± 0.95c

46.6
 ± 1.65a

38.4
 ± 1.00b

39.9
 ± 0.55b

PVA: Red-Yellow Argisol; PA1: Yellow Argisol medium/clayey texture; PA2: Yellow Argisol medium texture/gravelly clay; *means followed by the same letter in the 
line, within each harvest period, do not differ from each other using the Tukey’s test at a 5% probability level.
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Syrah wines from PA3 showed higher alcohol content, density, color intensity, and total polyphenol index in harvests 1  
and 2, indicating superior wine quality. In harvest 3, PA3 wines had lower pH than PA4, while volatile acidity remained 
similar across soils. Tonality differed only in harvest 1 (Table 4).

Table 4. Classical analyses of Syrah red wine from different soil types in the São Francisco Valley, Brazil, across three harvests*.

Classic analyses
Harvest 1 Harvest 2 Harvest 3

PA3 PA4 PA3 PA4 PA3 PA4

pH 3.86
 ± 0.01a

3.95
 ± 0.11a

3.92
 ± 0.03a

3.98
 ± 0.06a

3.65
 ± 0.01b

3.75
 ± 0.01a

Total acidity
(g.L-1)

5.40
 ± 0.21a

5.40
 ± 0.42a

5.85
 ± 0.21a

5.55
 ± 0.21a

6.30
 ± 0.11a

6.08
 ± 0.15b

Volatile acidity
(g.L-1)

0.93
 ± 0.17a

0.83
 ± 0.17a

0.14
 ± 0.07a

0.17
 ± 0.01a

0.30
 ± 0.00a

0.32
 ± 0.01a

Alcohol 
(%) v/v

14.2
 ± 0.04a

13.5
 ± 0.03b

13.3
 ± 0.11a

12.1
 ± 0.66b

11.0
 ± 0.26a

10.8
 ± 1.10a

Density
(g.mL-1)

0.995
 ± 0.00a

0.991
 ± 0.00b

0.996
 ± 0.00a

0.993
 ± 0.00b

0.996
 ± 0.00a

0.996
 ± 0.00a

Dry extract
(g.L-1)

28.65
 ± 0.21b

29.15
 ± 0.21a

32.05
 ± 0.07a

30.30
 ± 1.27b

28.71
 ± 0.14a

29.93
 ± 1.48a

SO2 free
(mg.L-1)

30.9
 ± 0.36a

30.4
 ± 3.62a

17.1
 ± 3.26a

12.8
 ± 0.72b

34.5
 ± 5.43a

46.0
 ± 10.8a

SO2 total
(mg.L-1)

48.6
 ± 0.36a

48.3
 ± 0.36a

20.7
 ± 0.36a

19.7
 ± 5.43a

69.1
 ± 3.62b

81.9
 ± 3.62a

Intensity 8.7
 ± 0.31a

6.2
 ± 0.10b

14.4
 ± 2.23a

7.4
 ± 1.28b

6.9
 ± 0.29b

8.5
 ± 0.61a

Tonality 0.67
 ± 0.01b

0.77
 ± 0.04a

0.70
 ± 0.01a

0.68
 ± 0.02a

0.70
 ± 0.02a

0.78
 ± 0.12a

Total polyphenol 
index

54.7
 ± 0.11a

47.3
 ± 0.47b

40.6
 ± 1.53a

26.0
 ± 3.25b

43.5
 ± 0.33a

43.3
 ± 0.06a

PA3: Yellow Argisol, medium gravelly texture; PA4: Yellow Argisol, sandy/medium texture; *means within a line followed by the same letter, within each harvest 
period, are not significantly different, as determined by the Tukey’s test at the 5% significance level.

Phenolic composition of wines

The phenolic profile of Tempranillo wines showed clear harvest-dependent shifts (Suppl. Mat. 1). Flavanols (epicatechin, 
epigallocatechin, procyanidin B1) varied by soil × harvest: PA1 had the highest epigallocatechin in harvest 2, PA2 the highest 
procyanidin B1 in harvest 2, and PVA the highest flavanols in harvest 3. Flavonols, particularly quercetin-3-glucoside, were 
the highest in PA2 and PA1 in harvests 1–2, while hesperidin peaked in PA1 and PA2 in harvest 3. 

Anthocyanins (mainly malvidin-3-glucoside) were similar across soils in harvest 1; in harvests 2–3, PVA and PA2 
showed higher concentrations, with the highest total anthocyanins in PA1 (harvest 1) and PA2 (harvest 3). Phenolic 
acids peaked in different harvests, coumaric/caffeic (harvest 1), gallic/caffeic (harvest 2), and caftaric (harvest 3), with the 
highest PA1 in harvests 1–2 and the highest PA2 in harvest 3. Stilbenes (cis/trans-resveratrol) peaked in PA2 (harvest 1)  
and PVA (harvest 3).

Syrah wines also showed soil- and harvest-specific variation (Suppl. Mat. 2). In harvests 1–2, PA3 had the highest levels 
across all phenolic groups. In harvest 3, PA4 exhibited higher flavanols and anthocyanins, while PA3 maintained higher 
flavonols, phenolic acids, and stilbenes. Catechin and procyanidin B1 were similar in harvests 1 and 3, with PA4 lower in 
harvest 2. Quercetin-3-glucoside was the dominant flavonol in all harvests, consistently higher in PA3. Malvidin-3-glucoside 
was the highest in PA3 (harvests 1-2) and in PA4 (harvest 3). Low anthocyanins in PA4 (harvest 2) aligned with higher 
caftaric and chlorogenic acids. Trans-resveratrol remained consistently higher in PA3.
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In-vitro antioxidant activity assessment

The antioxidant activity results for Tempranillo and Syrah wines, based on soil types, are presented in Fig. 2. For 
Tempranillo, DPPH values ranged from 10.1 to 11.8 mM TEAC.L-1 in PVA, 10.2 to 11.8 mM TEAC.L-1 in PA1, and 10.6 to 
11.8 mM TEAC.L-1 in PA2. ABTS values were 17.4 to 23.8 mM TEAC.L-1 in PVA, 14.7 to 20.3 mM TEAC.L-1 in PA1, and 
14.5 to 25.7 mM TEAC.L-1 in PA2, with PVA and PA2 wines showing higher activity. For Syrah, DPPH values ranged from 
8.3 to 10.9 mM TEAC.L-1 in PA3 and 6.2 to 10.3 mM TEAC.L-1 in PA4, while ABTS values were 12 to 16.7 mM TEAC.L-1 
in PA3 and 7.7 to 16.3 mM TEAC.L-1 in PA4.

S1PVA

S1PA3 S2PA3 S3PA3S1PA4 S2PA4 S3PA4

DPPH

DPPH DPPH DPPHDPPH DPPH DPPH

DPPH DPPH DPPH DPPHDPPH DPPH DPPH DPPHABTS

ABTS ABTS ABTSABTS ABTS ABTS

ABTS ABTS ABTS ABTSABTS ABTS ABTS ABTS

S2PVA S3PVAS1PA1 S2PA1 S3PA1S1PA2 S2PA2 S3PA2

a

a a a

a

a a a

a

a

a
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Error bars: +/- 1 SD
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C
·L

-1
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a
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a

a
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a

b

b

b

b

PVA: Red-Yellow Argisol; PA1: Yellow Argisol, medium/clayey texture; PA2: Yellow Argisol, medium texture/gravelly clay; PA3: Yellow Argisol, medium gravelly 
texture; PA4: Yellow Argisol, sandy/medium texture.
Figure 2. In-vitro antioxidant activity of Tempranillo and Syrah wines in different types of soils in the São Francisco Valley, Brazil. 

Principal component analysis

In the first Tempranillo red wine harvest, PC1 and PC2 explained 82% of the variance, capturing the effect of soil type on 
the wine’s enological profile. Wines from PA1 were positively associated with compounds TP, Nar, A2, tCaf, Chl, Del, and Pel, 
and negatively with ABTS, Gal, Sya, Hes, PB1, PB2, EpG, Rut, and Pet. Wines from PA2 were associated with IPT, cRe, tRe, 
Que, and Ka, while PVA wines were characterized by Cac, Cou, and Cya (Fig. 3). In the second harvest, multivariate analysis 
explained 86% of the total variance, with PC1 contributing 49% and PC2 37%. PC2 differentiated wines from PA1 and PA2 based 
on distinct compounds. In the third harvest, PC1 and PC2 explained 93% of the variance (PC1: 63%, PC2: 31%). PC1 grouped 
wines from PA1 and PA2 on the negative side of the x-axis, associated with tCaf and Chl, and separated these from PVA wines.
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by Treatments 
Component Loadings 
(adjuested to scale of 
objects)

Cat: catechin; Ep: epicatechin; EgG: epigallocatechin; EpG: epicatechin gallate; PA2: procyanidin A2; PB1: procyanidin B1; PB2: procyanidin B2; Ka: kaempferol 
3-glucoside; Que: quercetin 3-glucoside; Rut: rutin; Nar: naringenin; Hes: hesperidin; Cya: cyanidin 3-glucoside; Mal: malvidin 3-glycoside; Peon: peonidin 
3-glycoside; Del: delphinidin 3-glycoside; Pel: pelargonidin 3-glucoside; Gal: gallic acid; Cac: caffeic acid; Chl: chlorogenic acid; Cou: coumaric acid; tCaf: 
caftaric acid; Sya: syringeal acid; cRe: cis-resveratrol; tRe: trans-resveratrol; TP: total phenolics; TMA: total monomeric anthocyanins; TPI: total polyphenol index.
Figure 3. Principal component analysis of phenolic compounds and results of antioxidant activity of (a, b, and c) Tempranillo and (d, e, and f)  
Syrah red wines. 
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For Syrah wines, in the first harvest, PC1 and PC2 explained 98% of the variance, with PC1 distinguishing wines from 
PA3 and PA4. In the second harvest, PC1 and PC2 explained 99% of the variance, with PC1 separating PA3 and PA4 wines 
based on positive correlations with various compounds. In the third harvest, PC2 separated PA3 wines on the positive side, 
associated with Que, Del, tCaf, Ep, Rut, Sya, Ka, cRe, tRe, Hes, and TP, and PA4 wines on the negative side, linked to Gal, 
ABTS, and Peo. Across all three harvests, PC1 and PC2 discriminated wines from the Yellow Argisol (PA3).

DISCUSSION

Soil properties, such as texture, influence several physiological processes in grapevines, affecting grape composition and, 
consequently, wine quality. Sandy soils, such as PA4, are characterized by rapid water drainage due to their macroporosity, 
resulting in a reduced water retention capacity compared to clayey soils. In Syrah grafted onto IAC 766, a rootstock known for 
moderate vigor and relatively high hydraulic conductivity, these conditions may intensify relative and soil-mediated water-
deficit responses, even under complementary irrigation management, potentially amplifying effects on berry metabolism. 
The decreased availability of water often leads to lower malic acid levels in the grapes, a key component in determining the 
overall acidity of the wine (Güler 2023). Consequently, grapevines grown in such soils may exhibit higher pH values and 
lower total acidity, which is consistent with the findings observed in the Syrah variety cultivated in PA4 soil.

These changes in acidity, along with the reduced malic acid content, can influence not only the taste profile of the wine 
but also its stability and aging potential. Similar effects have been reported in other grapevine studies, in which moderate 
water deficit conditions were shown to decrease malic acid concentration and increase pH, particularly in varieties sensitive 
to water stress (Bambina et al. 2024). Therefore, targeted soil management, including irrigation strategies, becomes a crucial 
aspect of controlling grapevine physiology and optimizing wine quality. It is also relevant that Tempranillo was grafted 
onto IAC 572, a rootstock with comparatively lower vigor and more conservative water use, which may partially buffer soil-
driven variation observed across the harvests.

Anthocyanins, the key phenolic compounds responsible for the color of grapes and red wines, are primarily found in 
the skin of the berries and are closely linked to sugar accumulation. The concentration of sugars in the berries, a critical 
factor in anthocyanin synthesis, is influenced by a range of environmental conditions, including cultivar, soil, and climate 
(Parker et al. 2020). Water deficit has been shown to enhance the concentration of both sugars and anthocyanins in the 
berries, particularly under controlled irrigation or moderate water stress conditions, as it stimulates sugar accumulation 
and anthocyanin biosynthesis (Hewitt et al. 2023, Ramos et al. 2020). Given the contrasting hydraulic behavior of IAC 572 
and IAC 766, some of the differences in anthocyanin accumulation between Tempranillo and Syrah may partially reflect 
their distinct rootstock-mediated adjustments to soil texture and relative water availability.

However, in the Sub-middle São Francisco region, the results obtained with the Tempranillo variety indicated that 
the sum of anthocyanins varied between the harvests, suggesting that interannual climatic variation exerted the primary 
influence. This climate-driven variability is consistent with the lower vigor and higher drought-tolerance stability of IAC 572, 
which tends to reduce interannual oscillations in berry composition. This result highlights the complex interplay between 
climate and soil factors in determining the final concentration of anthocyanins in grapes, further emphasizing the need for 
a comprehensive understanding of environmental influences on grapevine metabolism and wine quality.

In harvests 1 and 3, which coincide with the rainy season in the region, no significant differences were observed between 
the compounds in the wines produced from the different soil types. However, malvidin, a key anthocyanin, showed lower 
values in wines made from grapes grown in PVA during harvest 3 when compared to the other two soils. For the Syrah 
variety, the Yellow Argisol with medium gravel texture (PA3) exhibited better results in the sum of anthocyanins, particularly 
in harvests 1 and 2, in comparison to the Yellow Argisol with sandy texture (PA4). This can be attributed to the superior 
water retention capacity of PA3, which likely contributed to more favorable conditions for anthocyanin accumulation in 
the berries. In Syrah/IAC 766, which tends to express stronger responses to soil-induced relative water limitation, these 
textural contrasts appear to have been more evident than in Tempranillo/IAC 572.
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Soil texture significantly influences grapevine water uptake and nutrient availability, which are crucial for phenolic 
compound synthesis (Visconti et al. 2024). Sandy soils, like PA4, tend to have lower water retention, which can induce 
periods of higher evaporative demand and relative water limitation during the growing season. This deficit often reduces 
berry size and anthocyanin concentration, as observed in Syrah grapes grown in PA4 during harvests 1 and 2. Conversely, 
soils with higher clay content or a gravellier texture, such as PA3, provide improved water retention and drainage, supporting 
more stable hydration during ripening and favoring anthocyanin accumulation and overall grape quality (Rouxinol et al. 
2023). The stronger sensitivity of Syrah/IAC 766 relative to Tempranillo/IAC 572 further indicates that the scion-rootstock 
combination modulates the physiological expression of soil-texture effects.

This finding supports the concept that water stress, when moderate and properly managed, can enhance phenolic 
compound synthesis, including anthocyanins, key contributors to wine color and antioxidant capacity (Sanmartin et al. 
2021). Moreover, inter-harvest variation underscores the joint modulation of soil texture and climate on grape metabolism. 
For example, rainfall differences across harvests in the Sub-middle São Francisco region likely influenced sugar accumulation 
and phenolic biosynthesis, reinforcing the need to integrate both soil and climatic drivers when aiming to optimize vineyard 
performance.

Stilbenes, phytoalexins located in grape skins, are synthesized in response to environmental stressors such as fungal 
pressure or ultraviolet exposure (Gao et al. 2024). Although the specific mechanistic link between soil attributes and stilbene 
induction remains unclear, several studies report higher stilbene concentrations in vineyards established on clay-rich soils. 
This pattern, also observed here in both Syrah and Tempranillo, is likely related to the greater water-holding capacity of clayey 
horizons, which may impose episodes of transient and non-severe physiological stress that stimulate stilbene biosynthesis 
(Jeandet et al. 2023). This interpretation clarifies the possible contribution of soil texture to stilbene induction, although 
the underlying physiological pathways remain insufficiently resolved.

Antioxidant activity in Tempranillo wines varied across harvests, with the DPPH assay showing significant changes only 
in harvest 3. Wines from grapes cultivated in Red–Yellow Argisol (PVA) exhibited higher antioxidant activity, indicating 
a potential positive influence of this soil type. Both PA3 and PVA, soils with comparatively higher clay content, appear to 
promote the accumulation of antioxidants, likely due to enhanced water availability supporting the synthesis of protective 
phenolic compounds. This aligns with prior evidence showing that soil-mediated water status can modulate antioxidant 
profiles (Cataldo et al. 2021). The more conservative water-use behavior of Tempranillo/IAC 572 may also contribute to 
the smaller amplitude of soil-induced differences observed for this cultivar.

Syrah (grafted on IAC 766) showed higher sensitivity to vineyard conditions in Casa Nova, BA, than Tempranillo (grafted 
on IAC 572) in Lagoa Grande, PE. Because soil type is confounded with location and genotype, the observed “soil effect” 
cannot be unambiguously attributed to edaphic factors alone. PCA revealed clearer harvest separation for Tempranillo, 
whereas Syrah showed differentiation only in the first two harvests, with convergence in the third. These patterns support 
that cultivar-rootstock-soil interactions regulate the perceptible expression of terroir, and therefore, causal attributions 
exclusively to soil properties should be interpreted cautiously.

Soil texture, particularly in clay-rich profiles that enhance water retention, plays a pivotal role in grapevine physiology 
in arid regions with high temperatures and elevated evapotranspiration. Nonetheless, no consistent soil-derived pattern 
emerged across harvests regarding phenolic expression, demonstrating that climate exerted the dominant control on wine 
composition. Variations in temperature and precipitation between harvests had stronger effects on phenolic profiles than soil 
type alone, consistent with studies highlighting the primacy of climatic factors over pedological characteristics in shaping 
wine quality (Mansour et al. 2022). While differences in the physiological behavior of IAC 572 and IAC 766 help explain 
cultivar-specific responses, these did not override the prevailing climatic signal.

Together, these findings illustrate the inherent complexity of terroir, where soil and climate jointly shape grape and wine 
composition. Future efforts should aim to quantitatively partition the contribution of soil attributes within this multivariate 
system and refine the understanding of how edaphic and climatic factors interact to determine the enological potential of 
tropical semiarid vineyards.
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CONCLUSION

The composition of the wines exhibited significant variability across the harvests, underscoring the dominant influence 
of climatic conditions over soil properties. This study confirmed that climate factors such as temperature and precipitation 
had a stronger impact on the final wine characteristics than the soil type, aligning with previous research highlighting the 
preeminence of climate in determining wine quality.

The Syrah variety, grafted onto IAC 766 rootstock, demonstrated a higher sensitivity to variations in the soil’s physical 
and water attributes compared to the Tempranillo variety, grafted onto IAC 572. This sensitivity was reflected in the phenolic 
composition of the grapes, which varied more significantly in response to soil water availability, particularly in soils with 
higher clay content. These differences in composition underscore the role of soil in shaping grapevine phenolic profiles, 
albeit within the broader context of climatic influence.

Soils with higher clay content were found to be more conducive to the production of both Tempranillo and Syrah wines 
in the São Francisco Valley, fostering wines with distinct typicities and quality profiles. This finding suggested that soils 
with greater water retention capacity can provide an advantage in arid regions, enhancing the overall wine composition. 
However, as observed, the ultimate quality of the wine remains a complex interaction between soil characteristics and 
climate factors, and further research is necessary to disentangle the specific contributions of each to the terroir effect 
in this unique region.
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