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ABSTRACT 

Climate change is expected to significantly alter the suitability of winegrowing regions, 
with direct consequences for grape yield and wine quality. Among the most widely studied 
adaptation strategies is the relocation of vineyards to cooler sites. In this context, a three-year 
field study was conducted to evaluate the physiological, agronomic, and metabolic responses 
of Vitis vinifera L. cvs. Albariño and Tannat across three sites located at the same latitude in 
southern Uruguay, but differing in topography and proximity to the Atlantic Ocean. The study 
spanned three growing seasons with contrasting ENSO phases: 2023 (La Niña, with the warmest 
summer in 50 years), 2024 (El Niño, characterised by temperate and humid conditions), and 
2025 (Neutral). Albariño exhibited great stability across sites and vintages; however, oceanic 
plots consistently showed higher levels of titratable acidity, primarily due to malic acid, 
which impacted the soluble solids/acidity ratio. This situation occurred despite the fact that 
harvest dates were systematically later in oceanic areas, with a difference of up to 20 days. 
This condition favours slow ripening, which is desirable for aroma synthesis. Tannat displayed 
greater sensitivity to interannual climatic variation and site effects. Notably, within the oceanic 
plots, the more ocean-exposed site preserved higher malic acid levels, whereas the less exposed 
site showed higher anthocyanin concentrations. The 2023 growing season led to elevated leaf 
temperatures and vapour pressure deficits in both varieties, impacting net CO2 assimilation, 
especially at the traditional inland site. The thermal pressure on both cultivars was associated 
with earlier harvest, particularly at the inland reference, where Tannat, in particular, showed a 
decrease in anthocyanins, indicating an imbalance in phenolic/technological ripening. Overall, 
oceanic conditions moderated thermal stress and reduced interannual variability, highlighting 
the buffering role of Atlantic influence under warm seasons. These findings suggest cultivar-
specific interpretations: Albariño appears comparatively resilient under variable seasons, 
whereas Tannat may require site- and season-tailored management to maintain the balance 
between technological and phenolic maturity under warming conditions.
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INTRODUCTION

Grape production covers approximately 7  million hectares 
worldwide (OIV, 2024), making it one of the most important 
perennial fruit crops. The development and quality of grape 
production are closely linked to the climatic conditions of 
the cultivation site and are generally restricted to temperate 
zones, between latitudes 30° and 50° N and 30° and 40° S 
(Schultz & Jones, 2010).

The climate of a winegrowing region is determined by the 
interaction of multiple geographic and environmental factors, 
including latitude, altitude, continentality, and topography 
(Neethling et al., 2019; Quénol, 2014). When these climatic 
variables are combined with soil characteristics, plant 
material, and vineyard management practices, the concept of 
terroir emerges (Deloire et al., 2005). This term encompasses 
the unique combination of conditions in a specific location 
that impart distinctive qualities to the final wine. In wine-
producing countries, the study and delineation of terroirs has 
a long-standing tradition and continues today with increasing 
precision. Concurrently, these terroirs are being subjected 
to climatic and agroclimatic modelling to project future 
scenarios (Le  Roux  et  al.,  2017; Quénol,  2014), enabling 
proactive adaptation to climate change by identifying optimal 
plant-soil-climate combinations both now and in the future.

Uruguay, in South America, is considered part of the “New 
World” of viticulture. Today, viticulture is concentrated in 
the south-central region of the country (80 % of the planted 
area) (INAVI,  2025), near the capital city, Montevideo, 
directly linked to historical migration patterns. However, 
the search for new terroirs that provide unique wine typicity 
has led to the expansion of viticulture into new areas, 
particularly along the Atlantic coast. In the last 10 years, this 
oceanic region has expanded its vineyard surface by 65 % 
(INAVI, 2025). Both the traditional and Atlantic viticultural 
regions lie near 34° S and are classified as coastal areas under 
the Köppen climate classification “Cfa” (humid subtropical 
climate with hot summers and no dry season). The traditional 
inland region is 150 km away from the Atlantic Ocean and 
is located near the Río de la Plata estuary, with sea breezes 
influencing the viticulture region (Fourment  et  al.,  2014; 
Fourment  et  al.,  2017). However, significant differences 
exist in the oceanic influence of the Atlantic wine region. The 
Atlantic region experiences more direct oceanic exposure, 
resulting in a relatively cooler summer climate, especially 
in terms of maximum temperatures (INUMET,  2020). 
The situation is becoming more complex by the addition 
of topography, since the oceanic region has hills that vary 
the exposure to the ocean, modifying the mesoclimate 
(Tachini et al., 2023).

Cooler summer conditions are increasingly considered 
advantageous for adapting viticulture to climate change 
and rising global temperatures. Common adaptation 
strategies include shifting vineyards to higher latitudes or 
altitudes (van  Leeuwen  et  al.,  2024; Gutiérrez-Gamboa & 
Fourment,  2024). In Uruguay, the mean annual temperature 
has increased by approximately 2 °C over the past 50 years, 

and projections suggest an additional 2 to 4 °C rise by 2050, 
alongside more frequent and intense extreme events, such 
as heatwaves (IPCC,  2021). Given the country’s limited 
altitudinal and latitudinal variability, the moderating effect of 
the Atlantic Ocean becomes a key factor for climate adaptation. 
This buffering capacity makes coastal areas strategic 
terroirs for implementing climate adaptation strategies 
(Fourment  et  al.,  2024; Tachini  et  al.,  2023). Additionally, 
Uruguay’s climate is strongly influenced by interannual 
variability associated with the ENSO (El Niño-Southern 
Oscillation). La Niña phases are typically characterised by 
warm and dry conditions, while El Niño phases bring cooler 
and wetter conditions (Cai  et  al.,  2020). This variability 
amplifies the so-called vintage effect, which may negatively 
impact wine quality, consistency, and market value.

Among climatic factors, temperature and water availability 
are critical for grapevine cultivation and represent significant 
threats to viticultural sustainability under climate change 
(van Leeuwen et al., 2024). Rising temperatures can severely 
impact vineyard productivity, with potential yield losses of 
up to 35 % in some regions due to heat stress (Fourment & 
Piccardo, 2023; Fraga, 2020). Summers exceeding 30 °C can 
accelerate grapevine phenology (Mira De Orduña,  2010), 
leading to rapid berry ripening during the hottest period 
of the season. This may result in lower anthocyanin and 
aroma compound accumulation, excessive sugar content, 
loss of acidity and unbalanced wines (Pons  et  al.,  2017; 
Sadras et al., 2013).

In detail, the optimal temperature range for grapevine 
photosynthesis is between 25 °C and 35 °C. Above 35 °C, 
photosynthetic activity declines significantly due to stomatal 
closure, with irreversible damage occurring beyond 
40  °C (Greer & Weston,  2010; Hochberg  et  al.,  2015; 
Torregrosa et al., 2017). Heat stress also has a direct impact 
on berry quality. Sugar accumulation is most efficient 
between 20 °C and 30 °C, declining above 35 °C (Greer & 
Weston, 2010). Malic acid degrades above 25 °C and more 
significantly at higher temperatures (Brandt  et  al.,  2019). 
Anthocyanin biosynthesis is optimal around 30  °C but is 
affected above 35 °C (Mori et al., 2007). Warm conditions 
initially reduce herbaceous notes of aroma compounds, 
especially methoxypyrazines. However, most desirable 
molecules are synthesised at the end of ripening, and 
their accumulation is enhanced by cooler conditions that 
slow maturation (Alem  et  al.,  2019; Pons  et  al.,  2017). 
Therefore, terroir-oriented studies should prioritise cultivars 
and sites with balanced proportions of tartaric and malic 
acid, low sugar content and high levels of acidity and 
anthocyanins, as key traits for sustainable viticulture in the 
context of climate change (Gutiérrez-Gamboa et al.,  2021; 
van Leeuwen et al., 2019).

Tannat is the most widely planted variety in Uruguay, 
accounting for 27 % of vineyard area (INAVI, 2025). Native 
to the Atlantic Pyrenees, it is the most extensively studied 
variety in Uruguay (Ferrer  et  al.,  2020). Its popularity is 
due to its good adaptation to the Uruguayan environment, 
typicity, and high oenological potential, reflected in 
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elevated anthocyanin, tannin, and acidity levels (González-
Neves  et  al.,  2010). Albariño, originally from Portugal, is 
a white variety introduced to Uruguay in the early 2000s 
from Galicia, Spain. Its vineyard surface in Uruguay has 
increased by 250 % over the past decade (INAVI, 2025). It 
is used for monovarietal wines of preferred quality (VCP) 
and is recognised for producing fresh, balanced wines 
with floral, fruity, and herbaceous aromas in its native 
region (Diéguez  et  al.,  2003; Vilanova & Vilariño,  2006). 
Most studies on Albariño’s physiology and berry quality 
have been conducted in Europe, while in Uruguay, 
Fourment et al. (2024) have emphasised its high plasticity to 
adapt to the climatic variability of the oceanic terroir.

Accordingly, this study aims to characterise Tannat and 
Albariño varieties across two oceanic sites and compare 
them with a vineyard in the traditional inland region, over 
three climatically distinct growing seasons, with a particular 
emphasis on the 2022–2023 cycle, which was the warmest 
and driest growing season in the last 50  years. Specific 
objective was to: (1) quantify the effects of growing seasons, 
oceanic sites and their interaction on key physiological traits, 
yield components and berry metabolite profiles; (2) whether 
Albariño and Tannat differ in sensitivity to seasonal climatic 
conditions under oceanic environments; and (3) discuss the 
potential of oceanic vineyard conditions to buffer climate 
extremes relevant to cultivar performance in a warming 
context.

MATERIALS AND METHODS

1. Site characterisation and identification of 
plots under evaluation

Two winegrowing regions at 34°  S were selected. The 
traditional inland region in southern Uruguay (Canelones; 
C), approximately 25 km from the Río de la Plata estuary.  
The oceanic region was located in eastern Uruguay (O), 

~150 km East of Canelones and ~18 km from the Atlantic 
Ocean, in an emerging winegrowing area (Figure 1A).

The oceanic emerging wine region is an area of low hills 
with altitudes up to 150 m.a.s.l. The soils are Argiudoll (sand 
51 %, silt 24 %, and clay 25 %), with a water-holding capacity 
of 18 mm/10 cm and slopes up to 20 % (Silva et al., 2018). 
The main factor generating variability in plant response and 
grape composition is altitude in combination with ocean 
exposure (Tachini  et  al.,  2023). The traditional inland 
region is topographically flat with altitudes below 80 m.a.s.l 
and slopes between 1 and 2.2  %. The soils correspond to 
Hapludert (sand 15 %, silt 49 %, and clay 36 %) and a water-
holding capacity of 21  mm/10  cm. In this region, meso-
climatic variability is attributed to the distance from the La 
Plata River (Silva et al., 2018; Fourment et al., 2017).

Both vineyards (oceanic and inland) are managed with the 
objective of producing medium- to high-quality wines. The 
training system used is the Vertical Shoot Positioning system 
(VSP) with a long Guyot pruning system. The planting 
spacing is 2  ×  1 in the oceanic region and 2.5  ×  1 in the 
traditional region. In Albariño, no leaf removal is performed 
in any of the plots, and in the traditional inland region, crop 
load is regulated through post-veraison cluster thinning. 
For Tannat, leaf removal is conducted on one side of the 
canopy at both regions, and crop load is regulated through 
post-veraison cluster thinning. In both vineyards, inter-row 
spaces are covered with a spontaneous natural groundcover, 
while the vine rows are kept weed-free through herbicide 
applications. The harvest was determined by the pH level, 
with values between 3.10 and 3.20 stipulated for Albariño 
and between 3.20 and 3.30 for Tannat.

2. Vine measurements

A total of 12 productive vineyard plots of Vitis vinifera L. cv. 
Albariño and Tannat were selected in the oceanic region. 
These were classified into two groups based on elevation and 

FIGURE 1. (A) Location of Uruguay within South America and location of the vineyards under study. (B) Location of 
reference plots in the traditional inland region. (C) Location of the 12 plots of Tannat and Albariño grouped according 
to altitude and exposure to the Atlantic Ocean: H = high altitude and exposed to the ocean, and L = low altitude and 
less exposed to the ocean.
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exposure to oceanic influence: high-elevation plots (120–
140  m.a.s.l.) with direct exposure to maritime conditions 
(designated as H), and low-elevation plots (70–95 m.a.s.l.) 
with more sheltered conditions (defined as L) (Figure  1C; 
Table  1). In the traditional inland region, plot  C (one for 
each variety) was used as a reference for descriptive and 
comparative analysis with the oceanic plots (H and L). In 
particular, its values were contrasted exploratively with the 
average of the oceanic plots to contextualise the measurements 
and describe relative trends (Figure 1B; Table 1).

Vine performance was assessed in adult vineyard plots of 
Vitis  vinifera  L. cvs. Tannat and Albariño (Figure  1). In 
each plot, three subsamples of vine groups consisting of 
seven consecutive vines each were selected for agronomic, 
physiological, and metabolic assessments during the 2022–
2023, 2023–2024, and 2024–2025 growing seasons (hereafter 
referred to as 2023, 2024, and 2025, based on the harvest year).

2.1 Assessment of vegetative development, yield 
components, and plant balance
To evaluate the vine performance, the following parameters 
were obtained by measuring seven plants per subsample: 
yield (kg/ha), number of clusters per vine (CN), average 
cluster weight (CW), pruning weight, Ravaz index 
(RI; Ravaz,  1911), potential exposed leaf area (SFEp; 
Carbonneau, 1983) and the SFEp/Yield ratio. The incidence 
of Botrytis cinerea-infected clusters (BCI) was estimated by 
visual assessment of symptom presence on grape clusters. 
For calculations, the total weight of clusters classified as 
infected was recorded. Bud fertility (BF) was assessed pre-
flowering by counting the number of inflorescences per shoot 
and categorised according to bud position on the cane: basal 
(nodes 1–2), medium (nodes 3–4), and apical (nodes 5–6).

2.2 Evaluation of physiological parameters
Gas exchange assessments were carried out at specific, 
representative time points to characterise the state of the 
plants under the prevailing environmental conditions. Gas 
exchange parameters were measured in six reference plots 
representing site-specific conditions for both cultivars (TL2, 
TH2, TC, AH3, AL2, and AC). Measurements included net 
CO2 assimilation rate (A), transpiration rate (E), stomatal 
conductance to water vapour (gsw), leaf vapour pressure 
deficit (VPDleaf), internal-to-ambient CO2 ratio (Ci/Ca), 
and leaf temperature by contact (TleafCnd). For each plot, 
nine leaves were measured (three per subsample), including 
one leaf each from the basal, middle, and apical parts of the 
canopy. Measurements were conducted between veraison 
and harvest on clear days with maximum temperatures 
above 28 °C, around solar noon (12:00 local time). In 2023, 
measurements were conducted on January, 17 (C plots) and 
January,  26 (H and L  plots); in 2024, on January,  24 and 
February,  28 (H and L  plots), and January,  29 (C  plots); 
and in 2025, on January, 29 and February, 24 (C plots), and 
February, 10 and March, 5 (H and L plots). An infrared gas 
analyzer (IRGA, LI-6800, LI-COR Biosciences, Lincoln, 
NE, USA) was used under controlled conditions (relative 
humidity 60  %, CO2 concentration 400  μmolmol–1 and 
incident light 1000 μmolm–2s–1), while leaf temperature was 
left unmodified. Water use efficiency (WUE) was calculated 
as the ratio between net CO2 assimilation (A) and the 
transpiration rate (E).

2.3 Description of berry metabolic compounds
Grape primary metabolites were assessed weekly from veraison 
to harvest using 50 randomly selected berries per subsample, 
following the OIV protocols (OIV, 2009). We measured total 
soluble solids (TSS, g/L) by refractometry (Hanna® HI 96801) 

TABLE 1. Soil, topographic, and row orientation characteristics of the 14 selected Tannat and Albariño plots.

Plot ID Variety Site Altitude 
(m.a.s.l.)

Slope 
(%) Aspect (°) Row 

orientation Soil type
Soil 

depth 
(cm)

TH1 Tannat H 136 5.9 214 N–S Argiudoll 91

TH2 Tannat H 124 10 131 SE–NW Argiudoll 82

TH3 Tannat H 135 9.9 32 E–W Argiudoll 90

TL1 Tannat L 94 9 95 N–S Argiudoll 72

TL2 Tannat L 72 5.8 151 E–W Argiudoll 77

TL3 Tannat L 89 6.7 292 SE–NW Argiudoll 93

TC Tannat C 41 1.5 310 N–S Hapludert 102

AH1 Albariño H 138 9.4 109 N–S Argiudoll 88

AH2 Albariño H 120 9.3 46 E–W Argiudoll 70

AH3 Albariño H 138 8.5 165 SE–NW Argiudoll 91

AL1 Albariño L 92 12 145 SW–NE Argiudoll 81

AL2 Albariño L 77 5.4 345 E–W Argiudoll 75

AL3 Albariño L 88 4.8 173 N–S Argiudoll 92

AC Albariño C 44 1 35 N–S Hapludert 98
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and pH by potentiometry (Oakton® 11  series pH meter). 
Titratable acidity (TA, g  sulfuric/L), α-amino compounds 
(mg/L), and organic acids (malic and tartaric acids, g/L) 
were measured by OENOFOSS® analysis. Berry weight 
(BW, g) was also recorded. Soluble solids per berry were 
calculated as: TSS (g/berry) = TSS (g/L)*berry weight (g)/
(0.0046*°Brix+0.9927)/1000 and yield-based weighting 
to obtain per-hectare values, as follows: TSS  (kg/
ha) = TSS (g/L)*0.75 L must/kg grape*Yield (kg/ha)/1000. 
The same procedure was performed to obtain values of malic 
and tartaric per hectare.

Secondary metabolites were analysed using the Glories 
and Agustin  (1992) extraction method, as modified by 
González-Neves  et  al.  (2004), on samples of 250  berries 
randomly collected per subsample. For Tannat, extractable 
anthocyanins at pH 1 (A pH 1), extractable anthocyanins at 
pH 3.2 (A pH 3.2), and total polyphenol index (TPI) were 
measured. The percentage of extractability (%EA) was 
calculated as: ((A pH 1–A pH 3.2)/A pH 1)*100. For Albariño, 
only TPI was determined. Spectrophotometric readings were 
taken using a GENESYS™ 180 UV-Vis spectrophotometer 
(Thermo Scientific™, Waltham, MA, USA).

3. Climate data collection

To assess the relationship between vine performance and local 
temperature, a TinyTag Data Logger (Gemini, Chichester) 
temperature sensor was installed in each of the 14 vineyard 
plots. These sensors recorded hourly air temperature from 
September the 1st to April the 30th during the 2023, 2024, 
and 2025 growing seasons. The average hourly temperature 
evolution was analysed and plotted using calendar-based 
windows that approximate the main phenological periods. 
These dates do not represent exact phenological stages for 
each variety or site; rather, they reflect the average timing 
of these stages across the varieties in our study: budburst 
to flowering (1st September to 31st October), flowering to 
veraison (1st  November to 14th  January), and veraison to 
harvest (15th January to 15th March).

Each growing season was classified according to the 
Southern Oscillation phase, El Niño (NO), La Niña (NA), or 
Neutral (NE), based on data from the National Oceanic and 
Atmospheric Administration (National Weather Services – 
NOAA, 2025), where 2023 corresponded to a La Niña, 2024 
to an El Niño, and 2025 to neutral conditions. Precipitation 
was obtained from two meteorological stations of reference 
for each region: the Rocha INUMET (Uruguayan National 
Institute of Meteorology) station (34°49’  S, 54°31’  W; 
20 m.a.s.l., located 30 km from the oceanic vineyards), and 
the INIA Las Brujas agroclimatic station (34°40’ S, 56°20’ W; 
24 m.a.s.l., located 12 km from the traditional vineyards).

4. Data processing and statistical analysis

Vine responses were analysed separately for Tannat and 
Albariño using a linear mixed-effects model in SAS® 
(PROC MIXED; SAS Institute Inc., 2025). Growing season 
(GS: 2023, 2024, and 2025), oceanic site (H = high ocean 
exposure; L  =  low ocean exposure), and their interaction 

(GS × Site) were included as fixed effects. The experimental 
unit was the vineyard plot within the site; measurements 
taken at three centres within each plot were treated as 
subsamples and averaged to obtain a single plot mean per 
growing season. Because the same plots were evaluated 
across the three seasons, repeated measurements over time 
were accounted for by modelling GS as a repeated factor 
within plot using a compound symmetry covariance structure. 
Plot nested within site was included as a random effect, and 
denominator degrees of freedom were estimated using the 
Kenward–Roger. Multiple comparisons among factor levels 
were performed using the Tukey method, based on least 
squares means (LSMEANS), with a significance level set at 
α = 0.05. In addition, plot C was used only as a descriptive 
reference for exploratory comparison with the oceanic plots 
and was not included in the inferential mixed-model analysis.

Evolution graphics for berry metabolite evolution 
were constructed using site-level means (H, L, and C), 
separately for each growing season. Additionally, radar plot 
representations based on representative berry metabolites 
were generated using site, year, and variety data to compare 
the metabolic profiles of the berries visually. A multivariate 
principal component analysis (PCA) based on z-score 
standardised data was performed to evaluate the variability 
of the observations in relation to spatial factors (H, L, 
and C) and temporal factors (growing seasons) as expressed 
by the agronomic and berry metabolic response variables. 
Graphical analyses were performed using OriginPro software 
(OriginLab Corporation, Northampton, MA, USA).

RESULTS

1. Climatic characterisation of growing seasons 
and sites

During the La Niña (2023), total rainfall was 189  mm 
recorded in the traditional inland region and 380 mm in the 
oceanic region. Rainfall was unevenly distributed across 
phenological stages: from budburst to flowering, 47 mm fell 
in the traditional inland region and 205 mm in the oceanic; 
from flowering to veraison, 77 mm and 73 mm, respectively; 
and from veraison to harvest, 65 mm and 102 mm. El Niño 
(2024) exhibited a total of 568 mm in the traditional inland 
region and 658  mm in the oceanic region. Rainfall was 
distributed: 205/247 mm (budburst – flowering), 161/196 mm 
(flowering – veraison), and 202/215 mm (veraison – harvest) 
in the traditional and oceanic regions, respectively. Under 
ENSO neutral conditions (2025), total rainfall was 420 mm 
in the traditional inland region and 460 mm in the oceanic 
region. Rainfall by phenological stage was 113/104  mm 
from budburst to flowering, 140/164  mm from flowering 
to veraison, and 166/192  mm from veraison to harvest, 
respectively (Figure 2).

Temporally, the 2023  season was warmer than 2024 by an 
average of +2.1 °C per hour during this period. The hourly 
mean temperature profiles reveal a distinct diurnal maximal 
temperature pattern between regions. In the oceanic region, 
peak temperatures consistently occurred between 12:00 and 
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13:00 local hour (LH) across all three phenological stages 
analysed. In contrast, the traditional inland region showed 
peak temperatures later in the day, typically between 15:00 
and 16:00  LH. During the ripening period (veraison to 
harvest), this temporal shift in peak temperature results in 
a higher average temperature of +2.5 °C per hour between 
12:00 and 18:00  LH in the traditional inland region 
compared to the oceanic sites. The combination of site and 
season effects revealed differences of up to 4  °C per hour, 
with site C in 2023 showing the highest mean temperature 
difference of 4.7 °C at 17:00 LH compared to site H. Similar 
patterns were observed during the flowering – veraison 
phase, with site C presenting on average +1.5 °C per hour 
higher temperatures across all years compared to site H, and 
2023 being warmer than 2024 by +2.4 °C per hour. During 
the budbreak – flowering period, site C also showed higher 
hourly mean temperatures (+1.0 °C/h) compared to site L and 

the 2025 season was warmer by +2.2 °C/h compared to both 
2023 and 2024 (Figure 3).

2. Physiological response in Albariño and 
Tannat

The Albariño cultivar showed its highest net assimilation rate 
(A) in 2024, with a seasonal average of 10.7 µmolCO2 m

–2 s–1. 
The comparison between sites, the representative plots 
of L exhibited the highest A  values, followed by H and C 
(9.9, 7.8, and 4.2  µmolCO2 m

–2 s–1 respectively). The most 
site-growing season combinations were plots in H and L 
in 2024, with means of 11.8 and 13.1  µmolCO2 m

–2 s–1. 
The lowest net assimilation rates, ranging between 2.8 and 
3.7  µmolCO2 m

–2 s–1, were observed in 2025 at all sites 
and in 2023 at site  C. The transpiration rate (E) followed 
the same spatial and temporal pattern as A, with the lowest 
average value recorded at site  C (1.44  mmolH2O m–2 s–1) 

FIGURE 3. Hourly mean temperature (°C) evolution during three phenological phases: (A) budbreak to flowering, 
(B)  flowering to veraison, and (C)  veraison to harvest. Data are shown for high and exposed oceanic plots (H, 
squares), low and less exposed oceanic (L, circles), and traditional plots (C, triangles), across the 2023 (La Niña), 
2024 (El Niño), and 2025 (Neutral) growing seasons.

FIGURE 2. Precipitation during the growing seasons under La Niña (2023), El Niño (2024), and Neutral phase 
(2025) conditions for the traditional inland and oceanic wine-growing regions, divided by phenological stages: 
budburst to flowering, flowering to veraison, and veraison to harvest.
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and the minimum individual value of 0.87 mmolH2O m–2 s–1 

occurring at this site in 2025. Stomatal conductance (gsw) 
was higher in 2024 at sites  H and L, reaching 0.188 and 
0.217  mol m–2 s–1, respectively, associated with a lower 
vapour pressure deficit at the leaf level (VPDleaf). The 
highest VPDleaf was observed at site C in 2023 (4.1 kPa), 
coinciding with stomatal closure, as indicated by low gsw 
values in 2023 and 2025 (0.047 and 0.035  mol m–2 s–1, 
respectively).

Tannat variety reached its maximum net CO2 assimilation 
rate in measures obtained in 2024, with an average of 
11.4  µmolCO2 m–2 s–1. The H and L conditions showed 
the highest mean assimilation rates (7.9 and 9.0  µmolCO2 
m–2 s–1, respectively), with maximum values in 2024 (13.3 
and 13.5  µmolCO2 m–2 s–1, respectively). The lowest value 
was recorded at the plot in C in 2023 (2.6 µmolCO2 m

–2 s–1). 
Transpiration rate (E) also peaked in 2024, with 
3.70 mmolH2O m–2 s–1, while the lowest site-specific value 
was recorded at C in 2025 (0.7 mmolH2O m–2 s–1). Stomatal 
conductance remained relatively stable across growing 
seasons and sites, ranging from 0.030 to 0.087 mol m–2 s–1, 

except for notable increases in plots L and H in 2024 (0.236 
and 0.231  mol m–2 s–1, respectively). The leaf-level vapour 
pressure deficit (VPDleaf) was lowest in 2024 (2.38  kPa)  
and highest in 2023 (3.30  kPa), with the most significant 
spatial values observed in site C (3.18 kPa), compared to L 
and H (2.61 and 2.79 kPa, respectively).

3. Agronomic and berry metabolic response of 
Albariño

The harvest duration across growing seasons and sites 
spanned 20  days, with the earliest date recorded in site  C 
in 2023 (January the 30th) and the latest in sites H and L 
in 2024 (February the 19th). The average harvest dates in 
2023, 2024, and 2025 were February the 6th, February the 
17th, and February the 9th, respectively. By site, the mean 
harvest date was February the 5th in C, and February the 14th 

in H and L. The most remarkable intra-annual difference in 
harvest timing between sites occurred in 2023, with C being 
harvested 10 days earlier than H and L.

The agronomic performance of Albariño exhibited differences 
between growing seasons in terms of berry weight, with  

FIGURE  4. Physiological response assessed through measurements of: (A)  net carbon assimilation rate (A), 
(B) transpiration rate (E), (C) stomatal conductance to water vapor (gsw), (D) leaf-level vapor pressure deficit (VPDleaf)), 
for Tannat (T) and Albariño (A) cultivars for high and exposed oceanic plots (H), low and less exposed oceanic plot 
(L), and traditional plot (C) across the 2023 (La Niña), 2024 (El Niño), and 2025 (Neutral) growing seasons.
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a difference of 0.16 g higher in 2025 than in 2024. Between 
oceanic sites, differences were only associated with cluster 
weight (CW). The traditional inland reference plot (C) 
showed the largest differences compared to the two oceanic 
sites in Cw (62 g bigger in C), CN (8 cluster/plant lower in C), 
SFEp (33 % lower in C), RI (2.9 in oceanic plot vs 3.9) and 
basal bud fertility (42 % higher in C). In detail, bud fertility 
increased toward the apical position at all sites. Average bud 
fertility in the oceanic region ranged from 1.5 to 1.6 clusters 
per bud, compared to 1.9 in site  C. This superiority was 
consistent across cane positions, with the basal nodes 
showing the greatest difference, up to 0.6 additional clusters 
per bud relative to H (Table 2).

Berry metabolite composition differed across growing 
seasons, where significant differences were found in 
α-amino, with 2025 showing +50 mg/L compared to 2023; 
titratable acidity which was +2.2 g/L higher in 2023 relative 
to 2025; TSS per berry (+0.037 g/berry in 2025 compared 
to 2024); and the total polyphenol index (TPI) with 2025 
registering 21 units more than 2023 and 2024. In terms of the 
composition of organic acids, malic acid varied significantly 
depending on the growing seasons, while tartaric acid 
remained stable, thereby affecting the tartaric/malic ratio. 
When expressed as kg/ha, malic acid was most abundant in 
2024, with an average of 16 kg/ha more than in 2023 and 
2025. In the oceanic plot, malic acid was the only compound 
measured that showed differences, with H plots presenting 
0.95 g/l more, significantly affecting the tartaric/malic ratio. 
Compared to the descriptive reference plot in the traditional 
region inland (C), differences were observed in malic acid 
(1.8  g/L lower in C), the tartaric/malic ratio (52  % higher 
in C) and the TSS/TA ratio (51 % higher in C) (Table 2).

The evolution of total soluble solids per berry (Figure 5A) 
showed maximum accumulation in 2025 at plot C, reaching 
0.312  g/berry, while the lowest value was observed in 
2024 at site L (0.244 g/berry). A linear accumulation trend 
was observed in 2024 and 2025, whereas in 2023, TSS 
accumulation slowed in the final days of ripening. The onset 
of TSS accumulation occurred later in 2024 than in the 2023 
and 2025 growing seasons. When evaluating TSS as g/L 
(Figure  5B), the highest value was recorded in 2025 at C 
(237 g/L) and the lowest in 2024 at H (206 g/L). In both 2024 
and 2025, sites  H and L reached a plateau approximately 
one week before harvest, whereas site C did not exhibit this 
plateau. In 2024, H and L eventually achieved levels similar 
to 2023 and 2025, although a week later.

The degradation kinetics of malic acid showed a rapid 
decline in all three years at site  C, whereas H and L 
displayed a slower degradation rate, especially toward the 
end of the ripening period. Across all seasons, malic acid 
degradation was consistently slower in H compared to L, 
with the difference being most pronounced in 2025, where H 
surpassed L by 1.6 g/L at harvest. The combination of acidity 
and sugar levels influenced the TSS/TA ratio (Figure  5C), 
with the highest ratio found in 2024 at C (60), more than 
twice the value observed at L in 2023 (28). The smallest 

difference between sites occurred in 2025 (12.5 units), while 
the greatest was in 2023 (27.4 units).

4. Agronomic and berry metabolic response of 
Tannat

The average harvest date in site C was February, 25, while 
in the oceanic plots (H and L) it occurred on March, 8, 
representing a difference of 11  days. Across vintages, the 
mean harvest dates were February, 24 for 2023, March, 14 
for 2024, and March, 3 for 2025. In 2023, site C advanced 
harvest by 14  days compared to the oceanic plots. The 
combination of the earliest (February, 15, 2023, in site C) and 
the latest harvest date (March, 19, 2024, in sites H and L) 
resulted in a total harvest window of 32 days.

Among the evaluated growing seasons, 2025 presented the 
lowest cluster weight (–131  g) compared to the mean of 
the previous growing season. In 2023, the cluster number 
was reduced by 5 compared to the 2024 and 2025 average 
(17  clusters). Consequently, 2024 recorded the highest 
yield and the greatest incidence of Botrytis cinerea rot, with 
9596 kg/ha and 2862 g/plant more than the average of the 
other seasons, respectively (Table  3). Differences between 
oceanic sites were found in cluster weight (Cw). The 
comparison with the traditional inland region (C) showed, 
on average, 0.25 g lower berry weight and 8.7 fewer clusters, 
resulting in a yield reduction of 9605 kg/ha compared to the 
average of the oceanic plots. Leaf area was also lower in 
region C, with 1997 m2/ha less than oceanic plots, resulting 
in a 31 % difference in IR and a 22 % change in SFEp/Yield.

Regarding berry metabolites at harvest by growing season, 
α-amino compound concentration was lowest in 2024, 
followed by 2025 (+79  mg/L) and 2023 (+96  mg/L). In 
contrast, tartaric acid concentration was highest in 2024 
(9.2  g/L), followed by 2025 (7.6  g/L) and 2023 (6.1  g/L). 
Malic acid concentration was lowest in 2024, followed by 
2025 (+0.8 g/L) and 2023 (+1.1 g/L). However, when malic 
acid was adjusted by yield, no significant differences were 
found among growing seasons. The highest soluble solids 
concentrations were recorded in 2023 and 2025. Nevertheless, 
accumulation per berry was highest in 2025 (+0.039 g/berry), 
which was also reflected in the yield-adjusted accumulation, 
with 2358  kg/ha more than the 2023 and 2024 averages. 
Potentially extractable anthocyanins (A  pH  1) presented 
the highest concentration in 2025 (+938 mg/L compared to 
2023). Anthocyanin extractability in 2024 was 12 % lower 
than in the other growing seasons (Table 3).

Site-specific differences between the oceanic plots in berry 
metabolites at harvest were observed for malic acid, which 
was significantly higher in H (+0.95  g/L), resulting in a 
significant shift in the tartaric/malic ratio. Anthocyanins 
(A  pH  1) were significantly higher in L (+732  mg/L), in 
association with a 9  % higher extractability index. The 
traditional inland region (C) exhibited trends in differences 
in α-Amino compounds (60  % higher in C), malic acid 
(24  % lower in C), and anthocyanins (17  % lower in 
C). When adjusted for yield, malic acid accumulation 
reached 52  kg/ha in H, 32  kg/ha in L, and 14  kg/ha in C.  
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Soluble solids concentration was 10  g/L higher in plot  C 
compared to H. However, accumulation, expressed as grams 
of soluble solids per berry, was lower by 0.044 g/berry. This 
trend was consistent when results were yield-adjusted per 
hectare, with the average of H and L accumulating 2,097 kg/
ha more soluble solids than region C.

The highest concentration of total soluble solids (TSS) was 
recorded in plot C in 2023, reaching 259 g/L, while the lowest 

was observed in plot  C in 2024 (221  g/L) (Figure  6B). This 
contrasts with the accumulation of soluble solids per berry, 
where the highest value occurred in H in 2025 (0.395 g/berry) 
and the lowest in C in 2024 (0.277  g/berry). The kinetics of 
soluble solids accumulation revealed several periods during 
ripening in which weekly accumulation was negligible. This 
stagnation was particularly evident in 2023 and 2025. Following 
this detention, berry sugar accumulation resumed (Figure 6A).

TABLE 2. Agronomic parameters and berry metabolite composition at harvest for Albariño during 2023 (La Niña), 
2024 (El Niño), and 2025 (Neutral) growing seasons in the oceanic plots, high exposure (H) and low exposure (L). 
The inland plot C is shown as a descriptive reference.

Abbreviations: BW: berry weight, CN: cluster number, CW: cluster weight, BCI: cluster affected by Botrytis cinerea at harvest, SFEp: 
potential exposed leaf area, RI: Ravaz index, BF: bud fertility, TA: titratable acidity, TSS: total soluble solids, TPI: total polyphenol index. 
Different letters indicate significant differences between growing seasons according to Tukey’s test (p < 0.05). ns: not significant.

Oceanic sites Growing season Interactions
Inland 

reference 
(descriptive)

Δ = Oceanic mean 
− C

H L p-value 2023 2024 2025 p-value (Site x GS) C Value

% 
Difference 

relative 
to ocean 

mean

A
gr

on
om

ic
al

 re
sp

on
se

s

BW (g) 1.37 1.36 ns 1.34 b 1.29 b 1.45 a 0.004 ns 1.32 0.05 3

CW (g) 111 90 0.04 105 109 89 ns ns 162 –62 –61

CN 20.0 20.2 ns 18.4 21.2 20.6 ns ns 12 8.1 40

Yield (kg/ha) 11,189 9,048 ns 9,473 11,844 9040 ns ns 8,031 2,088 21

BCI (g/pl) 0 0 ns 0 0 0 ns ns 0 0 0

SFEp (m2/
ha) 7,673 7,228 ns 7,103 7,886 7,362 ns ns 4,974 2,477 33

SFEp/Yield 0.75 0.86 ns 0.80 0.74 0.88 ns ns 0.63 0.18 22

RI 3.0 2.8 ns 3.1 3.3 2.3 ns ns 3.9 –1 –34

Basal BF 1.1 1.3 ns 1.3 1.2 1.1 ns ns 1.7 –0.5 –42

Middle BF 1.7 1.8 ns 1.8 1.7 1.7 ns ns 1.9 –0.2 –9

Apical BF 1.7 1.8 ns 1.8 1.7 1.8 ns ns 2 –0.3 –14

Be
rr

y 
m

et
ab

ol
ic

 re
sp

on
se

s

TSS (g/L) 210 215 ns 214 211 213 ns ns 229 –17 –8

TSS (g /
berry) 0.265 0.267 ns 0.263 ab 0.249 b 0.286 a 0.021 ns 0.275 –0.009 –3

TSS (kg/ha) 2,192 1,800 ns 1,918 2,284 1,788 ns ns 1602 394 20

pH 3.09 3.09 ns 3.08 3.12 3.07 ns ns 3.24 –0.15 –5

TA 
(g sulfuric/L) 6.4 5.8 ns 7.4 a 5.7 b 5.2 b 0.0001 ns 4.2 1.9 31

Tartaric acid 
(g/L) 8.3 8.2 ns 8 8.2 8.5 ns ns 7.9 0.2 4

Tartaric acid 
(kg/ha) 70 56 ns 57 73 58 ns ns 48 15 24

Malic Acid 
(g/L) 5.4 4.5 0.04 4.9 ab 5.5 a 4.5 b 0.028 ns 3.1 1.8 37

Tartaric/
Malic 1.59 1.94 0.03 1.70 b 1.56 b 2.00 a 0.006 0.031 2.69 –0.93 –52

Malic acid 
(kg/ha) 45 30 0.023 34 b 48 a 30 b 0.013 ns 18 20 52

TSS/TA 34 39 ns 30 b 38 a 42 a 0.0009 ns 55 –19 –51

α-Amino 
(mg/L) 131 118 ns 98 b 131 a 148 a 0.002 ns 149 –25 –20

TPI 41 44 ns 35 b 35 b 56 a 0.002 ns 41 1 2
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Titratable acidity reached its lowest value in C in 2023, 
being 2.4  g/L lower than the maximum observed in H in 
2024. The degradation kinetics of acidity followed a similar 
pattern between oceanic plots, with a temporal shift of 7 to 
10 days later compared to C. Moreover, C did not exceed TA 
concentration compared to H or L in any site–growing season 
combination (Figure  6D). Malic acid evolution followed a 
similar trend to titratable acidity; the highest concentration 
was recorded in H in 2023 and the lowest in C in 2024, with 
a difference of 2.5 g/L between them. In all growing seasons, 
malic acid concentrations in H consistently exceeded those in 
L, with H plots recurrently showing higher levels at harvest 
(Figure  6E). The TSS/TA ratio distinguished C from the 
oceanic plots (H and L) across the three growing seasons, with 
C in 2025 showing the highest value (90), while the 2023-
site H combination exhibited the lowest value (39) (Figure 6C).

5. Spatial and temporal variability in the 
agronomic and metabolic response of Albariño 
and Tannat

Principal component analysis (PCA) revealed that in Tannat, 
PC1 accounted for 33.5  % and PC2 for 22.9  % of the 
variability, whereas in Albariño, PC1 accounted for 40.1 % 
and PC2 for 15.4  % (Figure  7). In Tannat, a grouping by 
growing seasons was observed in 2025 across all sites, mainly 
associated with TPI, TSSb, berry weight (BW), A  pH  1, 
TSS/TA, TSS, and malic acid. However, in 2023 and 2024, 
the grouping was fragmented by site, particularly between 
oceanic parcels (H and L) and inland parcels (C). Inland 
parcels were positively discriminated by TSS, higher TSS/
TA ratio, higher extractability (lower %EA), and α-amino 
acids, whereas oceanic parcels were associated with TSSb, 
A pH 1, malic acid, tartaric acid, titratable acidity (TA), yield, 
SFEp, RI, PRw, CN, and Y/SFEp (Figures 7A and 7B).

FIGURE 5. Evolution of Albariño berry metabolites during the ripening period: (A) total soluble solids per berry (TSS, 
g/b), (B) total soluble solids per litre (TSS, g/L), (C) TSS to titratable acidity ratio (TSS/TA), (D) titratable acidity (TA, 
g tartaric acid/L), (E) malic acid (g/L), and (F) tartaric acid (g/L) across the three sites: high and exposed oceanic 
plots (H), low and less exposed oceanic plot (L), and traditional inland region (C), for the 2023 (La Niña), 2024 (El 
Niño), and 2025 (Neutral) growing seasons.
The yellow background indicates extreme differences at harvest between growing season-site combinations.
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Abbreviations: BW: berry weight, CN: cluster number, CW: cluster weight, BCI: clusters affected by Botrytis cinerea at harvest, SFEp: 
potential exposed leaf area, RI: Ravaz index, BF: bud fertility, TA: titratable acidity, TSS: total soluble solids, A pH 1: extractable 
anthocyanins at pH  1, %EA: extractability percentage, TPI: total polyphenol index. Different letters indicate significant differences 
between growing seasons according to Tukey’s test (p < 0.05). ns: not significant.

TABLE 3. Agronomic parameters and berry metabolite composition at harvest for Tannat during 2023 (La Niña), 
2024 (El Niño), and 2025 (Neutral) growing seasons in the oceanic plots, high exposed (H) and low exposed (L). 
The inland plot C is shown as a descriptive reference.

  Oceanic sites Growing season Interactions
Inland 

reference 
(descriptive)

Δ = Oceanic mean 
− C

  H L p-value 2023 2024 2025 p-value (Site x GS) C Value

% 
Difference 

relative 
to ocean 

mean

A
gr

on
om

ic
al

 re
sp

on
se

s

BW (g) 1.71 1.61 ns 1.60 1.63 1.74 ns ns 1.41 0.25 15

CW (g) 269 222 0.04 242 b 302 a 171 c 0.0006 ns 332 –86 –35

CN 14.7 15.7 ns 11.7 a 17.4 b 16.5 ab 0.03 ns 6.5 9.0 57

Yield (kg/ha) 1,9384 17,008 ns 13,254 b 23,285 a 14,124 b 0.0002 ns 8,591 9605 53

BCI (g/pl) 1,363 597 ns 72 b 2,898 a 0 b 0.0056 ns 0 980 100

SFEp m2/ha 5,797 5,520 ns 5,193 6,070 5,714 ns ns 3,661 1,997 35

SFEp/Yield 0.33 0.39 ns 0.39 b 0.22 a 0.41 b <.0001 ns 0.44 –0.08 –22

RI 11.8 12.4 ns 8.5 a 13.9 b 11.2 ab 0.03 ns 8.4 4.0 31

Basal BF 1.2 1.2 ns 1.3 1.3 1.1 ns ns 1.3 –0.1 –8

Middle BF 1.7 1.8 ns 1.8 1.7 1.7 ns ns 1.6 0.2 11

Apical BF 1.8 1.9 ns 1.9 1.7 1.8 ns ns 1.8 0.1 5

Be
rr

y 
m

et
ab

ol
ic

 re
sp

on
se

s

TSS (g/L) 232 240 ns 236 ab 231 b 242 a 0.02 ns 243 –7 –3

TSS (g/
berry) 0.362 0.351 ns 0.343 b 0.344 b 0.383 a 0.0008 ns 0.318 0.039 11

TSS (kg/ha) 4,186 3,767 ns 2,965 b 5,378 a 3,072 b 0.0001 ns 1,879 2,098 53

pH 3.32 3.22 ns 3.26 b 3.19 b 3.37 a 0.0005 ns 3.34 –0.07 –2

TA (g 
sulfuric/L) 5.4 5.1 ns 5.8 b 6.8 a 3.2 c <.0001 ns 4.1 1.1 21

Tartaric acid 
(g/L) 7.4 7.9 ns 6.1 c 9.21 a 7.64b <.0001 ns 7.3 0.4 5

Tartaric (kg/
ha) 112 105 ns 60 b 186 a 80 b <.0001 ns 47 62 57

Malic Acid 
(g/L) 3.7 2.8 0.0005 3.5 a 2.4 b 3.2 a <.0001 ns 2.3 0.7 24

Malic (kg/
ha) 52 35 0.01 46 50 33 ns ns 14 30 68

Tartaric/
Malic 2.3 3.6 0.0016 1.7 a 3.8 c 2.4 b <.0001 0.01 3.5 –0.6 –19

TSS/TA 54 59 ns 42 c 50 b 78 a <.0001 ns 75 –19 –33

α-Amino 
(mg/L) 97 82 0.02 127 a 31 c 110 b <.0001 ns 143 –54 –60

TPI 68 71.8 ns 63 b 55 c 92 a <.0001 ns 66 4 6

A pH 1 
(mg/L) 2,611 3,343 0.013 2,505 b 2,977 ab 3,449 a 0.006 ns 2,467 510 17

%EA (%) 53 62 0.012 60 63 50 0.0052 ns 57 1 2
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In Albariño, the separation of parcels followed a similar 
pattern to Tannat, but the spatial component (site: H, 
L, and C) was the strongest factor driving grouping.  
Inland parcels (C) were clearly separated to the right of PC1, 
while oceanic parcels (H and L) clustered to the left. Inland 
sites were mainly associated with TSS/TA, tartaric/malic 
ratio, TSS, cluster weight (Cw), pH, and RI, while oceanic 
sites were associated with tartaric acid, BW, shoot weight 
(ShootW), Y/SFEp, malic acid, PRw, and SFEp. Temporally, 
the 2025 season was separated along PC2 from the other 
growing seasons, driven by TPI, α-amino acids, TSSb, BW, 
and tartaric acid (Figures 7C and 7D).

DISCUSSION

1. Influence of climate on the physiology of 
Albariño and Tannat

Although this study aims to evaluate climatic influences 
and the oceanic imprint, the observed differences should be 
interpreted within the framework of integrated terroir systems 
(climate, soil, and management) and their interactions, 
avoiding attribution to climate alone. Nevertheless, the 
detailed analysis of the oceanic plots, which share comparable 

soil conditions and management practices, allows their 
contrasts to be interpreted more robustly. Furthermore, 
monitoring the same plots across climatically contrasting 
years (different ENSO phases) provides valuable information 
on cultivar behaviour in response to seasonal effects.

Climatic variability among growing seasons showed that 2023 
experienced a 65 % reduction in precipitation compared to 
the historical average during the veraison period. In contrast, 
2024 conditions were close to average, while 2025 was 23 % 
drier than usual (INUMET,  2025b). The 2023  season also 
recorded the highest maximum temperatures from flowering 
to harvest, whereas 2024 was the coolest. These climatic 
patterns align with previous findings, which describe La Niña 
seasons as typically dry and warm, and El Niño as temperate 
and humid (Cai et al., 2020). The summer of 2023 presented 
particularly adverse thermal and water stress conditions for 
grapevines (Fourment & Piccardo,  2023), as corroborated 
by national reports (INUMET,  2023), which described the 
summer as a record in the last 42 years in terms of maximum 
temperatures and water deficit. However, these data should 
be interpreted as a characterisation of the climatic context, as 
no direct measurements of soil water status were available in 
the vineyards.

FIGURE 6. Evolution of Tannat berry metabolites: (A)  soluble solids per berry (g/berry), (B)  total soluble solids 
(TSS, g/L), (C) TSS to titratable acidity ratio (TSS/TA), (D) titratable acidity (g sulfuric /L), (E) malic acid (g/L), and 
(F) tartaric acid (g/L) across the three sites: high and exposed oceanic plots (H), low and less exposed oceanic plots 
(L), and traditional inland region (C), for the 2023 (La Niña), 2024 (El Niño), and 2025 (Neutral) growing seasons.
The yellow background indicates extreme differences at harvest between growing season-site combinations.

Tachini et al.

https://ives-openscience.eu/


OENO One | By IVES 2026 | volume 60–2 13

The traditional inland region (C) was consistently 
warmer than the oceanic regions (H and L) throughout all 
phenological stages and vintages. Notably, temperatures 
in the oceanic region during the record-breaking summer 
of extreme heat were comparable to those observed in the 
traditional inland region during the El Niño temperature 
growing seasons. In 2023, the higher temperatures impacted 
site C more severely than the oceanic sites, as evidenced by 
the difference compared to 2024 and 2025. These findings 
highlight the ocean’s buffering effect against extreme 
temperatures during ripening as reported and quantified by 
other authors (Bonnardot et al., 2002; Tachini et al., 2023, 
Tachini et al., 2026), supporting its potential role in climate 
change adaptation for viticulture.

Although the regions are separated by only 150  km, they 
are subject to different maritime influences. In the oceanic 
region, daily maximum temperatures occur around solar 
noon (12–13 LH), whereas in the traditional inland region, 
they are reached later in the afternoon (15–16  LH) as 
reported by Fourment  et  al.  (2014). As a result, vines in 
the traditional inland region are exposed to both higher 
temperatures and longer durations of heat stress, which can 

alter physiological responses such as stomatal closure and 
reduce net photosynthesis. Identifying peak temperature 
hours also has practical implications for irrigation scheduling 
and agronomic management.

Climatic conditions also varied within growing seasons. 
2023 did not start warm; during budburst, 2025 was actually 
the warmest period. However, from flowering onwards, 
2023 developed into the hottest season. This highlights the 
importance of disaggregating phenological stages to better 
understand which phases of plant development are most 
affected by climate (Jones et al., 2012).

The plant’s carbohydrate assimilation capacity is dynamic 
and responsive to water status and temperature (Greer & 
Weston, 2010). Despite a limited number of photosynthesis 
measurements (two dates per site per season), trends and 
values provided insight into the physiological status of 
both varieties during the ripening period, which serve as 
a descriptive reference. In measures obtained in 2024, the 
highest net CO2 assimilation rates (A) were observed, 
coinciding with low atmospheric demand and high stomatal 
conductance. This favourable performance was especially 

FIGURE 7. Principal component analysis (PCA) based on standardised agronomic and berry metabolic variables 
for Tannat (top) and Albariño (bottom). The left panels display the distribution of observations according to growing 
seasons (2023: La Niña, 2024: El Niño, 2025: Neutral), while the right panels show the distribution according to 
vineyard location (H: oceanic high, L: oceanic low, C: traditional inland).
Total soluble solids (TSS), the ratio of soluble solids to titratable acidity (TSS/TA), titratable acidity (TA), pH, tartaric and malic acids, 
α-amino nitrogen compounds, total polyphenol index (TPI), berry weight (BW), yield (Yield), number and weight of cluster (CN, CW), 
Ravaz index (RI), number and weight of shoots (ShootN, ShootW), potential exposed leaf area (SFEp), pruning weight (PRw) and ratio 
yield/SFEp (Y/SFEp).
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notable in the oceanic reference plots (H and L), where the 
absence of temperatures exceeding 35 °C and the possibility 
of presenting water available in the soil could allow higher net 
assimilation rates. In contrast, the 2023 and 2025 measures, 
particularly at site C, recorded the highest leaf vapour pressure 
deficits (VPDleaf), consistent with the thermal description. 
In relation to the plant, during the period of soluble solids 
accumulation, once the high-atmospheric-demand events 
recorded in 2023 and 2025 had passed, accumulation 
continued after a plateau. This pattern is consistent with a 
mainly transient limitation (e.g., associated with stomatal 
closure under high VPD) rather than a chronic deterioration of 
the photochemical apparatus that persistently restricts carbon 
assimilation. However, since chlorophyll fluorescence was 
not measured, the contribution of non-stomatal limitations, 
such as possible chronic photoinhibition, cannot be 
completely ruled out (Chaves et al., 2010). The absence of 
differences in these parameters between 2023 and 2025 in 
relation to thermal description may be attributed to the fact 
that one of the measurements in 2025 was conducted during 
a heat wave, with temperatures exceeding the 90th percentile 
nationwide (INUMET,  2025a), which potentially affected 
the results. In this way, the particular conditions of the day 
can aggravate or mitigate the physiological state of the plant. 
As for the comparison between cultivars, they showed the 
same trend in response to climatic conditions. Future studies 
should incorporate more frequent and detailed assessments 
to better capture the dynamics and responses of varieties to 
stress events.

The 35  °C leaf temperature threshold was reaffirmed as 
a critical point beyond which photosynthesis is impaired 
(Greer & Weston,  2010; Torregrosa  et  al.,  2017), directly 
linked to stomatal closure. This finding contributes novel data 
for Tannat and Albariño under Uruguayan conditions, where 
such records are scarce. It is also important to note that sun-
exposed leaves can be up to 6.4 °C warmer than the ambient 
temperature (Kiaeian Moosavi et al., 2018), indicating that 
the canopy may experience more intense stress than inferred 
from air temperature alone. Nevertheless, below 35 °C, the 
significant variability in observed assimilation values suggests 
that other factors, such as water status, wind intensity, and 
nitrogen availability, may play a more substantial role in 
regulating photosynthesis (Hailemichael et al., 2016).

2. Climate conditions between growing 
seasons and sites impact agronomic behaviour 
and berry metabolic dynamics on Albariño

In our dataset, the inland reference (C) tended to show 
earlier harvest dates, where the combination of a warm site 
(traditional inland region) and a hot growing season (2023, 
La Niña) resulted in the earliest harvest recorded. Several 
studies have reported cycle shortening due to heat events 
linked to climate change, leading to rapid ripening and acid 
degradation, as shown in Figure 5, which can hinder aroma 
development, one of the primary quality parameters for white 
varieties (Fraga, 2020; van Leeuwen et al., 2024). However, 
extending the cycle in temperate growing seasons (as observed 
in 2024, mainly in C) was detrimental to acidity, as malic 

acid continued its decline, which is further accelerated under 
moderately warm conditions (25 °C) (Brandt et al., 2019).

Albariño yield remained stable across the three vintages, 
associated with a variation in berry weight of 0.16 g, despite 
expecting higher yields and berry weight in rainy growing 
seasons. At the oceanic sites, low bud fertility, particularly in 
basal buds, combined with reduced cluster weight, necessitated 
that the plants produce a greater number of clusters to 
achieve the desired yield. In contrast, this adjustment was 
not necessary in the traditional inland region, where higher 
bud fertility and larger cluster size, linked to greater water 
retention capacity of soils, prompted the agronomic decision 
to thin clusters to meet the target yield. The need for a greater 
number of clusters, linked to low bud fertility in the oceanic 
region, resulted in an increase in shoot number, which, 
combined with higher planting density, results in greater leaf 
area, despite being the soil with the lowest water retention 
capacity. The low bud fertility may be the result of lower 
incidental radiation at the time of induction due to a larger 
leaf area and/or lower total radiation in the oceanic region 
(Sánchez & Dokoozlian, 2005), and turning into a negative 
cycle. The increase in clusters has practical implications, 
including extended harvest durations and increased canopy 
management requirements. However, since Albariño is a 
white variety, a higher exposed leaf area (SFEp) may help 
mitigate excessive acid loss by maintaining bunch shading 
(Horák et al., 2021), as observed at oceanic sites. Furthermore, 
the vintage variation in precipitation and temperature did 
not result in significant changes in leaf area, bud fertility, or 
yield, indicating a high level of stability under contrasting 
climatic conditions. This is reflected in the plant balance 
indicator (SFEp/Yield), which ranged from 0.74 to 0.88, with 
no significant differences across the evaluated seasons. Thus, 
metabolic results in berries could not be directly linked to 
imbalances in vines between growing seasons.

High acidity and low alcohol are among the preferred traits in 
current wine markets, which become challenging under climate 
change conditions (Gutiérrez Gamboa & Fourment,  2024; 
Gutiérrez-Gamboa et al., 2021). In this study, titratable acidity, 
driven primarily by malic acid, was highest in the high and exposed 
oceanic plots (H) compared to L, due to slower degradation. 
This aligns with the characterisation of these sites as the coolest, 
linked to canopy development, maintaining temperatures that 
allow for malic acid preservation, changing the tartaric/malic 
ratio. The traditional inland region shows a tendency toward 
lower titratable acidity and malic acid concentration compared 
to oceanic sites, reflecting a possible association between 
high afternoon temperatures and, thus, accelerated malic acid 
degradation. Tartaric acid, which is less sensitive to temperature 
(Cholet et al., 2016), remained stable between 7.8 and 8.4 g/L 
across all sites and growing seasons, leading to a higher tartaric/
malic ratio in the traditional inland region. In this way, the profile 
of organic acids may serve as an indicator to differentiate coastal 
terroirs in Uruguay linked to Albariño.

The evolution of TSS (g/berry) showed no plateau across 
ripening in any condition, indicating that extreme heat 
events did not reach levels capable of fully inhibiting 
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photosynthesis, as reported under extreme temperature 
stress (Greer & Weston,  2010; Pillet  et  al.,  2015). The 
limited differences in soluble solids may reflect a relatively 
short ripening period, which reduces the plant’s exposure 
to extreme heat and drought events during summer. The 
balance between sugars and acidity suggests that the oceanic 
region offers greater potential to produce balanced, high-acid 
wines with slower dynamic ripening. In the global context of 
climate change, where wines tend to exhibit higher alcohol 
and lower aroma and acidity, the oceanic region emerges as 
a promising area for Albariño cultivation, as suggested by 
Fourment et al. (2024).

3. Agronomic and berry metabolic response of 
Tannat to spatial and temporal variability

Among growing seasons, 2024 (El Niño) stood out as the 
most productive cycle, with yields nearly doubling due 
to significantly larger clusters (on average, 96  g heavier), 
consistent with rainfall and the possible availability of water 
in the soil. However, this increase in size, coupled with a 
humid and rainy climate, resulted in a 10  % incidence of 
Botrytis  cinerea rot in the total production. The incidence 
of this fungus remains one of the main challenges for 
grape production in Uruguay during wet growing seasons, 
especially during the ripening period (Arrillaga et al., 2021). 
Unlike Albariño, which showed no signs of Botrytis cinerea 
infection across any of the growing seasons, Tannat, possibly 
due to its more extended ripening period and particular 
cluster morphology, did experience disease-related yield 
losses (Arrillaga  et  al.,  2021; Ferrer  et  al.,  2020). Despite 
the extreme conditions of 2023, neither the leaf area in 
the same growing season nor bud fertility in the following 
growing season was significantly affected, even though 
both parameters are tightly linked to temperature and water 
availability, showing the Tannat adaptation to climate 
variability (Sánchez & Dokoozlian, 2005).

α-amino compounds represent approximately 60 to 80  % 
of the total yeast assimilable nitrogen (YAN) required 
for proper fermentation of grapes (Verdenal  et  al.,  2021). 
Therefore, α-aminonitrogen levels provide an indication of 
nitrogen availability for yeasts, but they are not definitive. 
Several authors suggest a threshold of 180 mg/L of YAN to 
ensure complete fermentation, while levels below 140 mg/L 
may be insufficient; therefore, the values observed in 2024 in 
the oceanic region may be problematic. In the rainy growing 
season, the marked increase in yield probably reduced 
α-amino compounds due to a dilution effect and higher  N 
demand per unit of fruit, potentially amplified by N losses 
through leaching in sandy soil (Verdenal et al., 2021).

Despite the thermal differences between sites, the 
concentration of soluble solids varied by 0.6°v/v of probable 
alcohol between oceanic and traditional inland regions. 
The higher yields observed in the oceanic region did not 
penalise soluble solids at the berry. When expressed on a per-
hectare basis (i.e., yield-weighted), the oceanic vineyards 
showed greater TSS, indicating that the larger crop load 
was supported without a dilution of ripening. This pattern 

is consistent with a higher carbon supply capacity, in line 
with the temperature regime and the observed photosynthetic 
responses. Soluble solids concentrations (g/L) did not differ 
significantly between 2024 and 2025, although 2023 was 
notably dry (65 % below average). This likely led to sugar 
concentration via water loss, offsetting the effect of reduced 
yield. In contrast, 2025 showed higher sugar accumulation 
per berry and per hectare, indicating that moderate 
temperatures and possibly better soil water availability 
were conducive to sugar production, maintaining potential 
alcohol levels without yield loss. The evolution curves of 
sugar accumulation (g/berry) showed plateau phases during 
ripening, especially in 2023 and 2025, associated with 
elevated atmospheric demand and heat waves recorded in 
the region (INUMET, 2023, INUMET, 2025a). However, the 
vines resumed sugar accumulation once conditions improved, 
suggesting that no irreversible damage occurred, as reported 
in the literature under certain circumstances during extreme 
heat events. To confirm this, fluorescence analyses must be 
performed in the future. (Greer & Weston, 2010). Potentially 
extractable anthocyanins (A pH 1) revealed a greater potential 
for accumulation and maintenance of these compounds 
in the oceanic region, where significant differences were 
found in plots  L. Anthocyanin is limited by temperatures 
above 30 °C and its accumulation is favoured by cool nights 
(Mori et al., 2005, Mori et al., 2007), highlighting the plant’s 
climatic sensitivity expressed in berry composition. This 
finding is further supported when analysing anthocyanin 
yield per hectare (kg/ha), where vines maintained phenolic 
quality even under higher yield conditions.

Although titratable acidity did not differ among oceanic sites, 
the composition of organic acids varied, particularly in the 
tartaric/malic ratio. Malic acid was significantly higher in the 
high exposure oceanic site (H), consistent with observations 
in Albariño, reinforcing the ocean’s moderating influence on 
temperature extremes and its role as a terroir-defining factor. 
The lower malic acid concentration observed in 2024, in a 
humid and temperate growing season in which the opposite 
would be expected, can be attributed to a delayed harvest 
in the oceanic plots. In fact, the 2024 growing season was 
harvested 10 days later than the average harvest date, which 
allowed continued malic acid degradation to occur, just like 
with Albariño. Detailed knowledge of acid composition is 
therefore crucial for decision-making regarding site-specific 
oenological objectives. Thus, cool oceanic conditions enabled 
the production of high-quality berries without a yield penalty. 
Consequently, a linear inverse relationship between yield and 
quality is not applicable when comparing regions; rather, 
the intrinsic terroir conditions must be considered to define 
the potential of each variety. Ferrer et al. (1997) proposed a 
Ravaz index range of 6 to 8 for Tannat in Uruguay; however, 
future studies should aim to refine site- and growing seasons-
specific equilibrium indices to maintain vine stability under 
increasing climate variability and change.
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4. What to expect from Albariño and Tannat 
under extreme heat growing seasons

The ability to link growing seasons with ENSO phases 
provides an early-season indication of how the viticultural 
cycle may develop, offering a degree of predictive certainty. 
These results during contrasting ENSO growing seasons can 
support the optimisation of key resources (such as irrigation 
management) and decision-making for the implementation of 
targeted vineyard management practices aimed at mitigating 
short-term adverse effects. However, to strengthen the 
reliability of these associations, further studies encompassing 
a greater number of growing seasons influenced by ENSO 
events are necessary to validate and refine these preliminary 
findings. Albariño and Tannat were mainly affected in 
terms of composition and organic acid content, as well as in 
their relationship with soluble solids; in Tannat, significant 
changes were also observed in anthocyanin levels. The 
remaining parameters did not differ significantly, nor was 
the 2023 average statistically different from those of 2024 
or 2025. This also leads us to believe that there may be other 
parameters that are more sensitive than those measured in 
this study, such as secondary compounds, like aromas. 
Thus, the average increase of 2.1 °C in the maturity period 
during peak demand hours (12:00–18:00  LH) in what was 
a record-breaking summer for extreme temperatures in the 
country did not substantially alter the vine’s physiological 
response. However, the combination of a warm site and a 
warm growing season (traditional inland region – 2023), 
particularly in Tannat, represented a possible impact 
scenario, reinforcing the oceanic zone’s greater capacity for 
climate change adaptation. This further supports the need for 
a regionalisation strategy aligned with production goals and 
future climate scenarios.

Tannat is a cultivar that responds strongly to both spatial 
and temporal climatic variability (Ferrer  et  al.,  2020; 
Fourment  et  al.,  2017; Tachini  et  al.,  2022). Therefore, it 
is imperative to continue investigating Tannat in order to 
develop harvest strategies that provide more stable products 
across vintages. This will enable producers to plan vineyard 
operations in advance, according to forecasted climatic 
conditions, in order to maximise site and vintage potential. In 
contrast, Albariño (characterised by a short ripening cycle and 
greater plasticity; Fourment et al., 2024) demonstrates more 
consistent performance across sites and seasons, making it a 
promising option for national growers seeking stability in both 
yield and quality. Lastly, it is essential to highlight that the 
irrigation system likely mitigated some of the impacts observed 
in 2023. This underscores the importance of emphasising the 
soil capacity and irrigation management as a key agronomic 
strategy in future studies (Pereyra & Ferrer, 2024), and also 
take into account a white cultivar as a new emblematic and 
adapted variety for Uruguayan conditions.

This study provides valuable insights for optimising harvest 
date decisions, as both excessively rapid and overly delayed 
ripening may lead to imbalances in key compositional 
parameters when waiting for other compounds to reach the 
desired levels, depending on site and variety. By studying 

the spatial and temporal sources of variability in berry 
agronomic and metabolic traits, the results highlight how 
terroir conditions and climatic variability influence the 
synchronisation of sugar accumulation, acidity degradation, 
and phenolic development. Such knowledge is essential to 
avoid trade-offs between technological and phenolic maturity, 
enabling site- and cultivar-specific harvest strategies that 
preserve grape quality.

Finally, the results demonstrate that the berry composition in 
Albariño and Tannat is influenced by both spatial variability 
(terroir) and temporal variability associated with interannual 
climatic conditions (ENSO). Albariño behaves more stably 
between production growing seasons, retaining its freshness 
and acidity. In contrast, Tannat was more strongly affected by 
interannual climatic variability, with distinct differences among 
dry (La Niña) years, wet (El Niño) years, and neutral years. 
These findings highlight the importance of considering both 
site selection and climatic variability in viticultural planning 
and in the adaptation of cultivars to climate change (Figure 8).

CONCLUSIONS

Over three climatically contrasting growing seasons linked 
to ENSO phases, this study shows that the growing season 
and local ocean conditions (H vs. L) can influence vine yield 
components and changes in berry metabolic profiles, thus 
addressing the objective of quantifying seasonal and site-
related effects in ocean-influenced environments.

Cultivar responses differed; Albariño exhibited comparatively 
stable performance across growing seasons, while oceanic 
conditions, especially in the more exposed plots, favoured the 
preservation of malic acid, with consequences for the sugar/
acid balance, supporting Albariño’s suitability for maintaining 
freshness under variable seasons. In contrast, Tannat was more 
sensitive to interannual climatic variability, with quality risks 
emerging under the warmest combinations of site and season, 
whereas oceanic plots tended to buffer thermal pressure, 
supporting the objective of evaluating site-related buffering 
capacity under warming-relevant conditions. Within oceanic 
sites, metabolite contrasts suggest complementary responses 
(e.g., higher malic acid in H and higher anthocyanins in L), 
highlighting the need for site-specific strategies to optimise 
technological vs phenolic maturity.

Finally, because regional contrasts integrate terroir systems 
(climate, soil, and management), these findings should 
be interpreted as evidence of integrated site and season 
responses rather than purely climatic product. Additional 
growing seasons associated with ENSO phases, as well as 
direct plant/soil water status measurements would further 
strengthen attribution.
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