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Abstract 
The increasing impact of climate change is leading to more frequent stress events that affect 

vineyard performance. The elevated temperature trend is increasing the vineyard's 

vulnerability to sunburn, resulting in reduced yield, changes in berry composition, and 

subsequently, alterations in wine quality. Photovoltaic panels deployed over crops, also known 

as agrivoltaics, are emerging as a potential solution to this problem, by providing shading and 

mitigating these effects in vineyards. The objective of this study is twofold, firstly to evaluate 

the vineyard’s spatial variability and define the best locations for study plants that can be fairly 

compared between treatments; secondly to extensively characterize the year 0 of the 

experiment before the installation of the agrivoltaic system. 

 As the agrivoltaic structure placement was predefined in one large parcel of the vineyard, an 

initial study was performed to find plants, outside of this parcel, with similar performance. Two 

different plots were then defined: the control plot and the agrivoltaic plot. Throughout the thesis 

several parameters were collected to characterize the selected plants. Both weekly and 

phenological stage-specific vegetative and reproductive data were collected , as well as 

parameters regarding plant water status (e.g., stem water potential) and grape and wine 

composition. Overall, no significant differences were observed between the two plots in terms 

of vegetative and reproductive parameters, as both exhibited consistent and aligned 

development throughout phenological stages. Overall plants from both plots presented a leaf 

area of 4 m2. Some minor variations regarding phenological development were observed 

during the initial weeks. Regarding the stem water potential (SWP), there were no differences 

between the two plots at any phenological stage, with plants from both plots presenting 

moderate stress (~ >1.0 MPa) only at veraison and near harvest. An average yield of 2,3 Kg 

per plant was observed for both plots and must/wine analysis results also showed no 

discernible differences. In conclusion, these results confirm the successful selection of smart 

points for both plots, ensuring uniform conditions for a future study of the agrivoltaic trial. 

Further research should continue to analyze these parameters after solar panels installation 

and include an evaluation of sunburn damage and the aroma profile of the wine, to assess the 

photovoltaic panels impact on both the vineyard and wine quality.   

Keywords: Solar panels, Grapevine performance, Spatial variability, Water status, Yield,  
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Sumário 
As alterações climáticas estão a alterar as características da vinha, tendo consequentemente 

impacto na qualidade do vinho. As frequentes ondas de calor e as temperaturas elevadas são 

um dos efeitos das alterações climáticas. Estes fatores estão a tornar a vinha mais vulnerável 

a escaldões, produzindo condições de estresse hídrico elevado, resultando assim numa 

redução na produção de uvas, alterações na composição dos bagos e, consequentemente, 

alterando a qualidade do vinho. Os painéis fotovoltaicos sobre culturas agrícolas, também 

conhecidos como agrivoltaicos, estão a surgir como uma possível solução para mitigar estes 

efeitos na vinha. O principal objetivo deste estudo é identificar e avaliar a variabilidade 

espacial dentro de uma vinha experimental, a fim de verificar se a variabilidade inerente é 

significativa, para selecionar potenciais pontos estratégicos e garantir uma comparação justa 

para uma futura instalação de um sistema fotovoltaico.  Ao longo desta tese, vários 

parâmetros foram analisados para caracterizar a vinha. Esta análise abrange diversos 

aspetos, incluindo a caracterização meteorológica da vinha e a análise ao solo, o crescimento 

vegetativo e reprodutivo, o potencial hídrico da planta, o rendimento e os componentes de 

rendimento, bem como a composição das uvas e do vinho. No geral, não se observou 

diferenças significativas entre as duas parcelas em termos de parâmetros vegetativos e 

reprodutivos, uma vez que ambas apresentaram desenvolvimentos consistentes e alinhados 

ao longo dos estágios fenológicos, com exceção de pequenas variações durante as primeiras 

semanas. As plantas de ambas as parcelas exibiram uma área foliar de 4 m2, não 

evidenciando divergências significativas. De maneira similar, não foram observadas 

disparidades no potencial hídrico das plantas entre as duas parcelas, sendo que somente 

durante o estágio fenológico de pintor até à vindima manifestaram um stress moderado (~ 

>1.0 MPa). Uma média de produção de 2,3 kg por planta foi obtida em ambas as parcelas, e 

as análises do mosto/vinho não revelaram diferenças discerníveis. Como conclusão, estes 

resultados confirmam a bem-sucedida seleção dos pontos estratégicos para ambas as 

parcelas, garantindo condições uniformes para uma futura instalação dos painéis solares. 

Para futuros estudos, recomenda-se continuar a analisar estes parâmetros e incluir uma 

avaliação da ocorrência de escaldões e do perfil aromático do vinho, de modo a avaliar o 

impacto dos painéis fotovoltaicos na vinha e consequentemente na qualidade do vinho. 

Palavras-chave: Painéis solares, Estado hídrico, Rendimento, Variabilidade espacial, Videira  
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Sumário alargado 
A videira (Vitis vinifera L) tem um elevado valor económico e cultural para a sociedade. A 

maior parte do setor vitivinícola na Europa concentra-se em regiões do sul da Europa, como 

França, Espanha, Portugal e Itália. Nos últimos anos, a viticultura nessas regiões tem 

enfrentado diversos desafios devido às alterações climáticas. As alterações climáticas estão 

a alterar as características das vinhas, afetando consequentemente a qualidade do vinho. As 

frequentes ondas de calor e as temperaturas elevadas são um dos efeitos das alterações 

climáticas. Estes fatores estão a tornar a vinha mais vulnerável a escaldões, produzindo 

condições de estresse hídrico elevado, resultando assim numa redução na produção de uvas, 

alterações na composição dos bagos e, consequentemente, alterando a qualidade do vinho. 

Devido a estas alterações, certas medidas na vinha precisam de ser aplicadas para enfrentar 

os impactos das alterações climáticas. Uma das medidas alternativas são os painéis 

fotovoltaicos que estão a emergir como uma possível solução para mitigar estes efeitos nas 

vinhas e, consequentemente, melhorar a qualidade do vinho. O estudo divide-se 

principalmente em duas parcelas na vinha, a parcela PV, onde serão instalados os futuros 

painéis solares, e a parcela controlo. Este estudo tem como principal objetivo de identificar e 

avaliar a variabilidade espacial dentro de uma vinha experimental, a fim de verificar se a 

variabilidade inerente é significativa, para selecionar potenciais pontos estratégicos e garantir 

uma comparação justa para uma futura instalação de um sistema fotovoltaico. Ao longo desta 

tese, foram recolhidas amostras de dados semanais e amostras de dados específicos para 

cada estágio fenológico. Esta análise abrange diversos aspetos, incluindo a caracterização 

meteorológica da vinha e a análise ao solo. Para avaliar o desenvolvimento vegetativo e 

reprodutivo, a fenologia e o desenvolvimento do comprimento dos sarmentos, de ambas as 

parcelas PV e controlo, foram registados semanalmente. Além disso, os parâmetros 

vegetativos, como a área foliar e a área foliar exposta, foram analisados durante as seguintes 

fases fenológicas: crescimento das folhas, floração, bago de ervilha, pintor e maturação. A 

porosidade do coberto também foi analisada, mas apenas durante o pintor e a maturação. 

Em relação ao estado hídrico da planta, o potencial hídrico do caule foi medido durante as 

diferentes fases fenológicas. A produção da vinha e os seus componentes, como o número 

de bagos, o número de cachos, o número de ramificações, o peso dos bagos, o peso do 

pedúnculo, o comprimento do pedúnculo e a intensidade do ataque, foram também 

analisados. Finalmente, também se analisou a composição das uvas e do vinho. No geral, 

não se observou diferenças significativas entre as duas parcelas em termos de parâmetros 

vegetativos e reprodutivos, uma vez que ambos exibiram um desenvolvimento consistente e 

alinhado ao longo destas fases, com exceção de algumas variações durante as primeiras 

semanas, especificamente durante o período de abrolhamento e do crescimento das folhas. 
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As plantas de ambas as parcelas exibiram uma área foliar de 4 m2, não evidenciando 

divergências significativas. Da mesma forma, também não se observou diferenças no 

potencial hídrico da planta entre as duas parcelas, sendo que somente durante o estágio 

fenológico de pintor até à vindima houve um stress moderado (~ >1.0 MPa), resultado de uma 

boa gestão de irrigação. Uma média de produção de 2,3 kg por planta foi obtida em ambas 

as parcelas. Em relação ao rendimento e às componentes do rendimento, não foram 

observadas diferenças significativas, exceto que a parcela controlo apresentou um 

comprimento de pedúnculo maior do que o da parcela PV. Finalmente, em relação à análise 

do mosto/vinho, também não se observou diferenças. Para concluir, estes resultados 

confirmam a bem-sucedida seleção dos pontos estratégicos para ambas as parcelas, 

garantindo condições uniformes para uma futura instalação de painéis solares. Para o 

próximo ano, espera-se que os painéis fotovoltaicos reduzam a temperatura do ar e 

aumentem os níveis de umidade sob a vinha, pelo que, é expectável que a parcela PV 

apresente uma redução no tamanho dos bagos e, consequentemente, uma redução do 

rendimento. Além disso, estas condições serão propícias para o desenvolvimento de botrytis 

e de doenças fúngicas.  Considerando que a variedade encruzado é conhecida por ter cachos 

compactos, é recomendado que, no próximo ano, as condições sob os painéis sejam 

monitorizadas durante o dia para permitir alguma radiação solar, a fim de reduzir os níveis de 

umidade. Além disso, os painéis fotovoltaicos podem reduzir a taxa de fotossíntese e a taxa 

de transpiração, levando a uma redução na evapotranspiração e contribuindo para uma 

redução na irrigação e uma melhoria no estado hídrico da planta. Para estudos futuros, é 

recomendável continuar a monitorizar os parâmetros analisados neste estudo e incluir uma 

avaliação de ocorrência de escaldões e uma análise do perfil aromático do vinho, com o fim 

de avaliar o impacto dos painéis fotovoltaicos tanto na vinha como também na qualidade do 

vinho. 

Palavras-chave: Painéis solares, Estado hídrico, Rendimento, Variabilidade espacial, Videira  

 

 

 

 

 

 

 



6 
 

Contents 
 

Acknowledgements .............................................................................................................................. 1 

Abstract .................................................................................................................................................. 2 

Sumário .................................................................................................................................................. 3 

Sumário alargado ................................................................................................................................. 4 

1. Introduction ...................................................................................................................... 11 

1.1 Objectives ........................................................................................................................ 12 

    2.   Literature review ...................................................................................................................... 12 

2.1 Climate Change .............................................................................................................. 12 

2.2 Climate change in the vineyard .................................................................................... 14 

2.2.1 Temperature ................................................................................................................ 14 

2.2.2 CO2 concentration ..................................................................................................... 14 

2.2.3 Humidity ....................................................................................................................... 15 

2.2.4 Solar radiation ............................................................................................................. 16 

2.2.5 Precipitation ................................................................................................................. 16 

2.3 Climate change impact on vine development ............................................................ 17 

2.3.1 Canopy microclimate ................................................................................................. 18 

2.3.2 Water status ................................................................................................................ 18 

2.3.3 Grapevine Phenology ................................................................................................ 19 

2.3.4 Photosynthesis ........................................................................................................... 20 

2.3.5 Senescence and Sunburn ......................................................................................... 21 

2.4 Changes in Berry composition ..................................................................................... 22 

2.5 Adaptation options.......................................................................................................... 24 

2.6 Agrivoltaics ...................................................................................................................... 25 

2.6.1 Impacts of Agrivoltaic system in crops .................................................................... 28 

2.7 Agrivoltaic in vineyard .................................................................................................... 29 

    3.   Materials and Methods ............................................................................................................. 31 

3.1. Plant material and growth conditions .......................................................................... 31 

3.2. Experimental design ...................................................................................................... 32 

3.2.1. Spatial variability analysis .................................................................................................. 32 

3.2.2. Determination of smart points............................................................................................ 32 

    4.   Results and Discussion ............................................................................................................ 38 

4.1 Climate characterization .......................................................................................................... 38 

4.2. Spatial variability ............................................................................................................. 41 



7 
 

4.3. Soil Analysis .................................................................................................................... 42 

4.4. Weekly monitoring of phenology and vegetative growth .......................................... 44 

4.5. Vegetative development ................................................................................................ 46 

4.6. Plant water status ........................................................................................................... 50 

4.7. Gas exchange ................................................................................................................. 52 

4.8. Canopy and soil temperature ....................................................................................... 54 

4.9. Yield and yield components at harvest ....................................................................... 56 

4.10. Berry composition and wine quality ............................................................................. 61 

5. Conclusion ...................................................................................................................................... 67 

6. References ...................................................................................................................................... 68 

7. Annexes ........................................................................................................................................... 84 

 

  



8 
 

List of figures  
 

Figure 1-  Wine regions map “wine belt map”.  (Schiller-wine, 2011). ................................................ 12 
Figure 2- Solar Radiation simulation- Seasonal changes in incident solar radiation (%) from 1971–
2000 to 2070–99 scenario as an average of 18 GCMs: (a) summer, (b) autumn, (c) winter, and (d) 
spring. (Ruosteenoja and Räisänen, 2013). .......................................................................................... 16 
Figure 3- Multi-model simulated precipitation change. (a) and (b) percentage change in annual 
precipitation amount from 1970–1999 to 2070–2099 simulated. (Dai et al., 2018). .......................... 17 
Figure 4- Elevated temperatures effect on grape berry metabolism. (Venios et al., 2020). ................ 23 
Figure 5- Cross-section of a typical agrivoltaic system installed on an open field (Fraunhofer ISE, 
2020). .................................................................................................................................................... 27 
Figure 6- Grapevines covered by photovoltaic panels and an example of agrivoltaic system. (Ferrara 
et al. 2023). ........................................................................................................................................... 30 
Figure 7- A: Satelite image of the Vineyard of Meia Encosta at ISA. Aprox scale of 1:4250. B: Scheme 
of the grape varieties planted in the Vineyard of Meia Encosta. Pointed variety in study (Victorino et 
al., 2017). .............................................................................................................................................. 31 
Figure 8- Example of thermography image collected on  Encruzado variety plot. Black square 
signaling the aluminum bar. ................................................................................................................. 34 
Figure 9- Image captured from a single plant within the control smart point, featuring a bar 
strategically positioned as a scale reference. A blue background was used to more easily detect 
canopy holes. ........................................................................................................................................ 35 
Figure 10- A: Bunch image with a blue background. B: Image of berries displayed on a table and with 
the rachis beside. .................................................................................................................................. 36 
Figure 11- Smart point image. Two squares in yellow represent the upper canopy, the blue squares 
the lower canopy, the brown squares were selected in the row and the green squares represent the 
inter row. .............................................................................................................................................. 38 
Figure 12- Data obtained using weather station in the vineyard. Precipitation (mm) and Temperature 
(°C) values during the 2023 season, from January until September. Normal temperature values (MTT) 
from the previous 30 years obtained from IPMA (IPMA, 2023).  ......................................................... 39 
Figure 13- Average monthly solar irradiance (pyranometer) values during the season 2023, from 
January until September. ...................................................................................................................... 40 
Figure 14- Kriging map regarding the pruning weight for the Encruzado variety at Instituto Superior 
de Agronomia experimental vineyard. The blue square represents the location of the future PV 
structure. The red dots represent the plants of 8 smart points (4 smart points for control and PV 
plots.. Scale of 1:1000. Lisbon, Portugal at 38°42'24.61" N 9°11’05.53" W ......................................... 41 
Figure 14- .............................................................................................................................................. 42 
Figure 15- Phenological stage of the vineyard analyzed during March until harvest. BCCH scale 
(Lorenz et al., 1995). ............................................................................................................................. 45 
Figure 16- Evolution of the average shoot length along the phenological stages, leaf growth, 
flowering, pea size, veraison and maturation. N= 32. .......................................................................... 46 
Figure 17- Average ± std error for leaf area per vine measured at different phenological stages 
during the 2023 growing season. ANOVA computed with 95 % level of confidence. Columns with a 
different letter show a statistically significant difference at P < 0.05 by Tukey Test N= 32. ................ 47 
Figure 18- Average ± std error values of exposed leaf area calculated for PV plot and control. ANOVA 
calculated at 95% level of confidence. Columns with a different letter show a statistically significant 
difference at P < 0.05 by Tukey Test. N= 40. ........................................................................................ 48 



9 
 

Figure 19- Average ± std error for canopy porosity analyzed using image analysis. ANOVA calculated 
at 95% level of confidence. Columns with a different letter show a statistically significant difference 
at P < 0.05 by Tukey Test. N= 40. .......................................................................................................... 49 
Figure 20- Average ± std error for stem water potential obtained at four phenological stages. 
Analyzed ANOVA calculated at 95% level of confidence.  Columns with a different letter show a 
statistically significant difference at P < 0.05 by Tukey Test. N= 16.  Black line as a reference of mild 
stress. .................................................................................................................................................... 50 
Figure 21- Soil moisture indicates total volume water within 60 cm depth which is the sum of water 
detected by the sensors each 10 cm. Line blue is the estimated soil field capacity and the red line 
represents the inferior limit of the water availability for the plants. ................................................... 51 
Figure 22- Photosynthesis analysis results for PV and Control plots. ANOVA calculated at 95% level of 
confidence. Columns with a different letter show a statistically significant difference at P < 0.05 by 
Tukey Test. N= 16. ................................................................................................................................. 52 
Figure 23- Stomatal conductance measurements on, PV and Control plots. ANOVA calculated at 95% 
level of confidence. Columns with a different letter show a statistically significant difference at P < 
0.05 by Tukey Test.  N= 16. ................................................................................................................... 53 
Figure 24- Average and standard error of upper (A) and lower canopy (B) and soil (C – interrow; D - 
Row) temperature values at different phenological stages. Values obtained between 13h and 15h 
using a thermal camera. ANOVA calculated at 95% level of confidence. Columns with a different 
letter show a statistically significant difference at P < 0.05 by Tukey Test.  N= 8. ............................... 55 
Figure 25- Average of (A) number of berries and number of ramifications (B) rachis length (C) Rachis 
weight (D) Bunch weight (E)Average berry weight for Encruzado PV and Control. ANOVA calculated 
at 95% level of confidence. Columns with a different letter show a statistically significant difference 
at P < 0.05 by Tukey Test. N= 40. .......................................................................................................... 57 
Figure 26- (A) Average yield for Encruzado PV and Control.  ANOVA calculated at 95% level of 
confidence. Columns with a different letter show a statistically significant difference at P < 0.05 by 
Tukey Test. N= 40. (B) Yield values per plant of each plot.................................................................... 58 
Figure 27- (A) Average of number of bunches for Encruzado PV and Control.  ANOVA calculated at 
95% level of confidence. Columns with a different letter show a statistically significant difference at P 
< 0.05 by Tukey Test. N=40 (B) Number of bunches per plant of both plots, PV and Control. ............ 59 
Figure 28- (A) Average of number of bunches and  bunches affected from fungal diseases and bird 
bite (bunches with more 50% eaten) and (B) the intensity of the attack for Encruzado PV and control.  
ANOVA calculated at 95% level of confidence. Columns with a different letter show a statistically 
significant difference at P < 0.05 by Tukey Test. N= 40. ....................................................................... 60 
Figure 29- Maturation curves obtained from the weekly control analysis on 100 berries of Encruzado. 
Between the 17th of July until the 7th of August. Total Acidity (A);  the berry size (B), °Brix (C);  
Probable alcohol strength (D) and  pH (E). ........................................................................................... 62 
 

 

 

 

 

 

 



10 
 

 

 

List of tables 

Table 1- Soil Analysis on Encruzado PV and on control. EC: electrical conductivity; OM: organic 
matter; CEC: cation exchange capacity. ................................................................................................ 43 
Table 2- Petioles Analysis in cv. Encruzado. The samples were collected on 5th of May (Flowering - 
BBCH 65) and it was selected 2 smart point per plot and per smart point it was collected 50 petioles. 
N=200. ................................................................................................................................................... 44 
Table 3- Must from berries harvest analysis regarding the brix, the alcohol strength, the pH, the total 
acidity, the assimilated nitrogen, the density, and the temperature. .................................................. 64 
Table 4- Wine analysis results. It was analyzed the pH, the volatile acidity, free SO2, Total SO2, the 
Total Acidity, the Alcohol at 20°C, reducing sugars concentration and the final density after 
fermentation. ........................................................................................................................................ 65 
 

 

  



11 
 

1. Introduction 
Most of the wine sector in Europe is concentrated in regions of France, Spain, Portugal, and 

Italy (Molina et al., 2020). In the last few years, viticulture practices in these countries have 

been challenged by climate change. It is expected that by the end of current 21st century, the 

mean global temperature will increase more than 2ºC, increasing the frequency of stressful 

events such as periods of high intensity precipitation in the winter and heat waves in the 

summer (IPCC, 2014).  

Climate conditions constitute a major factor in grapevine development and growth. Global 

warming is expected to change the temperature range in major viticultural areas, leading to 

changes in grape quantity and quality (Lamaoui et al., 2018). Extreme temperatures can affect 

grapevine phenology as well as decrease photosynthesis levels and trigger plant stress, 

producing severe and irreversible damage (Droulia & Charalampopoulos, 2021; Fraga et al., 

2019). In addition, high humidity levels can also affect grapevine performance and therefore 

since it can promote fungal diseases (Gaitán & Pino-Otín, 2023) . Solar radiation is also one 

of the most important factors for grapevine growth and development since it is essential for 

photosynthesis and for berry ripening (Priestley and Taylor, 1972). Lastly, precipitation is 

another important factor since it helps to control the plant water status (Ramos & Martínez-

Casasnovas, 2010). Overall, as climate change trends have an impact on all these 

parameters, it can also impact the vine and wine industry. And finally, in case of extreme 

events, the increase in sun exposure and temperature can potentially result in sunburn and 

senescence problems affecting grape yield and quality (Rustioni et al., 2014).  

Agriculture and renewable energies are two growing sectors in the last two decades. In recent 

years, new agriculture technologies have been studied, particularly the use of photovoltaic 

panels (PV) over crops, known as agrivoltaics (Pascaris et al., 2020; Wibowo et al., 2021). 

The use of PV in farming is part of a solution to farmers self-supply energy and possibly a 

source of income (Gorjian et al., 2020, 2021). Agrivoltaics may also potentially mitigate the 

effects of climate change on crops since they can improve water/rain redeployment, 

temperature deviations protection, photosynthesis activity, reduction in evapotranspiration, 

soil moisture and safety against climatic uncertainty (Amaduci et al., 2018; Armstrong et al., 

2016; Barron-Gafford et al., 2019). However, few studies have been conducted in vineyards 

(Ferrara et al., 2023; Sun´Agri, 2021).  

The present work aims to characterize the variability in a research vineyard and create a basis 

of work for a future agrivoltaic trial.   
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1.1 Objectives 
The main objective of this work is to evaluate the spatial variability and the location of the best 

smart points on the vineyard for a future implementation of an agrivoltaic system. Since it is 

impossible to create an experimental design where PV and control plants are on the same 

locations, there is need for each plot to be physically separated. As such, there is a need to 

check if the inherent variability is significant, in the soil and in the vines, vegetative growth, 

reproductive development and berry and final wine composition. By extensively characterizing 

the year 0 of the agrivoltaics experiment, this thesis will contribute to a broader understanding 

of the potential innovative sustainable vineyard practices and guide future decision-making in 

agrivoltaics and overall vineyard management.  

2 Literature review 

2.1 Climate Change 
The grapevine (Vitis vinifera L.)  is a crop with a high economic and cultural value for society. 

Most of the wine sector in Europe is concentrated in regions of France, Spain, Portugal, and 

Italy (Figure 1) (Fraga et al., 2019; Molina et al., 2020). In the last few years, viticulture in these 

regions has been a challenge due to climate change (Fraga et al., 2020; Schultz, 2000). 

 

 

Figure 1-  Wine regions map “wine belt map”.  (Schiller-wine, 2011). 
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Climate change is related to human activities, primarily due to the burning of fossil fuels like 

coal, oil and gas that are producing continued greenhouse gases emissions, leading to an 

increase in global average temperature (0,5-1,5 ºC) and affecting Earth´s climate system 

(radiation, atmospheric circulation, and hydrological cycle) becoming a global warming issue 

(Zscheischler et al., 2020). According to the Intergovernmental Panel on Climate Change 

(IPCC) report of 2014 by the end of current 21st century, the mean global temperature is 

projected to increase by more than 2ºC for the more extreme greenhouse gases emissions 

scenario hypothesis causing climate-related extreme events such as droughts, heat waves 

and storms (IPCC, 2014); Zscheischler et al., 2020).  

Climate change is also characterized by the increased occurrence of heat waves. According 

to the World Meteorological Organization, a heat wave is defined as an extreme weather event 

with an accentuated increase temperature of the air over a large area that usually lasts from 

a few days to a few weeks having different magnitudes: the number of days (episode length), 

the number of events (between several short and very long ones that cover similar total days), 

the magnitude (accumulated temperature exceedance) or the hottest day on the event (peak 

temperature reach) (Molina et al., 2020; Zscheischler et al., 2020). 

Several studies recorded extreme events, in particular, heat waves such as the recent ones 

(2003, 2010, 2015 or 2018) over Europe (Barriopedro et al., 2011; Beniston, 2004; Beniston 

et al., 2017; Duchez et al., 2016; Hoy et al., 2020) and extreme rainfalls, with high intense 

precipitation periods where the rain accumulated in 1h corresponded to the entire monthly 

average for that location and the amount accumulated in 1-day accounts for the yearly average 

(Papalexiou & Montanari, 2019; Rebora et al., 2013).  

Global Climate Models (GCMs) and Regional Climate Models (RCMs) using temperature and 

precipitation variables are used to design possible future climate scenarios (Giorgi & Gutowski 

Jr, 2015; Zscheischler et al., 2020). Molina et al. (2020) studied the possible future scenarios 

of heat waves, in Europe, from an ensemble of GCMs and RCMs and the results obtained 

indicate a large increase in the intensity and length of heat waves from all the emissions 

scenarios, global models and regional models, by the end of the century. In addition, the latest 

IPCC report, issued in 2022, documented that climate change events, such as periods of high 

intense precipitation in winter and heat waves in summer are becoming more frequent, mostly 

in southern Europe (IPCC, 2022).  

Because of these recurrent extreme events, a new model of wine belt has been proposed 

which means the redrawing of the maps worlds wine region maps (Fig. 1). For that, it will be 
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necessary to move the wine producing regions further north or south, depending on the 

hemisphere, or to move them to locations with higher altitudes.  

2.2 Climate change in the vineyard 
Most vineyards are in southern Europe where climate change plays an important role, 

therefore it is imperative to understand how temperature, CO2, humidity, solar radiation and 

precipitation, can influence this economically valued crop. The climate conditions constitute a 

major factor on  grapevine development and growth since it dictates canopy microclimate, vine 

phenology and therefore grape and wine quality (Santos et al., 2020; Venios et al., 2020).  

2.2.1 Temperature 
Air temperature has a major role in the growth and development of plants. For grapevines it 

determines canopy microclimate and grapevine phenology, ultimately impacting yield quantity 

and quality. Grapevines are traditionally cultivated in geographical regions where 

temperatures range between 12-35ºC. These temperatures are ideal to have optimum 

vegetative growth, development, and berry ripening.  Extreme temperatures, values higher 

than 35-40ºC and low negative temperatures can trigger plant stress having an effect on 

grapevine phenology, causing a photosynthesis decrease and produce severe and irreversible 

damage.  Also, higher temperatures lead to higher rates of evapotranspiration, having an 

impact on the vine´s water status. Furthermore, higher temperatures can have a significant 

impact on the soil. An increase in soil temperature can lead to loss of water from the soil by 

evaporation resulting in soil drought problems if good irrigation is not carried out (Droulia & 

Charalampopoulos, 2021; Fraga et al., 2019). 

Some studies demonstrate that temperature in vineyards has been changing over the years. 

In some European wine regions (Portugal, Spain, Italy) from 1950 to 1999 growing season 

average temperatures increased by 1.26ºC, and between 2000 and 2049, temperatures 

regimes, in wine regions all over the world, are predicted to rise by an average of 0.42 °C per 

decade and 2.04 °C overall, with higher warming rates for the Northern Hemisphere (Gaitán 

and Otín., 2023;Droulia and Charalampopoulos., 2021;Fraga et al., 2019; Jones et al., 2005). 

2.2.2 CO2 concentration 
In the last century, CO2 concentration has been increasing, and it is estimated, in the next 50 

years to reach 500 ppm (IPCC, 2021).  

Plants use CO2 to carry out photosynthesis resulting in greater accumulation of total biomass 

and higher yield. However, the relationship between an increase in CO2 and grapevine yield 

may not be linear; in combination with higher temperatures and water deficit it can contribute 
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to modifications in phenology stages. Higher amounts of CO2 may also considerate an 

increase in pests and a higher probability of diseases (Martínez-Lüscher et al., 2016; Schultz, 

2016).   

Studies on elevated carbon dioxide have been conducted on grapevines, mainly in 

greenhouses using potted plants or using field-grown vines under higher CO2 enrichment, i.e., 

>650 ppm. There is an increase in leaf area, in dry mass and in fruit fresh weight, without 

interfering with the primary and secondary metabolites content of berries (Arrizabalaga-

Arriazu et al., 2020, 2021; Clemens et al., 2022; Kahn et al., 2022; Martínez-Lüscher et al., 

2016).  

2.2.3 Humidity 
Climate change can have a significant impact on humidity levels. Observations of humidity 

across the world indicate that specific humidity (the amount of water vapor) has increased; 

and at the same time the relative humidity (saturation) has decline over many regions during 

the warmest months due to increases in extremely high temperatures. An increase in relative 

humidity is expected in northeastern Europe in winter and a notable drop in the south in 

summer  (Gaitán & Pino-Otín, 2023; Richter & Xie, 2008; Ruosteenoja & Räisänen, 2013; 

Zhang et al., 2017). 

The optimum relative humidity concentrations in vineyards varies depending on the grape 

variety and the phenology stage. However, in general, the ideal concentration is between 50% 

to 70% (Fraga et al., 2019a).Humidity can have a direct effect on the crop by altering the plant 

water status and potentially affecting leaf growth, photosynthesis, and the likelihood of 

diseases. An important process for leaf growth is cell enlargement which results from a turgor 

pressure developed within the cells. Higher humidity levels can alter the turgor pressure levels 

promoting leaf enlargement. When humidity levels are low, there is more transpiration that can 

lead to water deficits in the plant resulting on the stomata closed and therefore stopping the 

CO2 entrance, hence reducing photosynthesis (Rawson et al., 1977; Sadras & Milroy, 1996). 

Higher levels of humidity can promote insect pests and diseases, particularly fungal diseases 

such as mold, mildew, and botrytis. The risk of incidence of diseases such as mildew gradually 

increases towards the north (north hemisphere) where the precipitations are more abundant 

and the humidity levels are higher during the grapevine´s growth period (Gaitán & Pino-Otín, 

2023).   
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2.2.4 Solar radiation 
Solar radiation is an important factor for the growth and development of grapevines. It is 

essential for photosynthesis and for berry ripening. It also has a major role in 

evapotranspiration (Bois et al., 2008; Priestley and Taylor, 1972).  

Solar radiation determines incoming light and photosynthetically active radiations (PAR) and 

it increases dry mass production. Too much solar radiation can lead to sunburn on the grapes 

and damage to the leaves. Also, may decrease anthocyanin contents of berries (Bergqvist et 

al., 2001)and sugar concentration (Kliewer & Lider, 1968). However, sugar concentration level 

may increase in sun exposed berries due to water loss (Crippen & Morrison, 1986). 

The amount of solar radiation that a vineyard receives depends on many factors, including 

latitude, altitude, slope orientation, and cloud cover (Y. Wang et al., 2020).  

The annual sum solar radiation is increasing in southern Europe and decreasing in northern 

Europe (Dubrovsky et al., 2005; Zhou et al., 2009).In summer solar radiation is estimated to 

increase in most of Europe, particularly in central and southern Europe, reaching increases 

between 5% and 10% in extensive areas. In winter solar radiation is expected to decrease 

everywhere apart from the Mediterranean countries (Figure 2) (Gutiérrez et al., 2020; 

Ruosteenoja & Räisänen, 2013).  

 

Figure 2- Solar Radiation simulation- Seasonal changes in incident solar radiation (%) from 1971–2000 to 2070–99 scenario 
as an average of 18 GCMs: (a) summer, (b) autumn, (c) winter, and (d) spring. (Ruosteenoja and Räisänen, 2013). 

 

2.2.5 Precipitation 
Precipitation is another important factor in the growth and development of grapevines.  

Annual precipitation is projected to increase over most of Eurasia, tropical Africa, and 

extratropical North America and to decrease in the subtropical regions, including areas around 
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the Mediterranean Sea (Figure 3). Particularly, the most decreasing precipitation levels are 

estimated to happen within European wine regions. 

 

Figure 3- Multi-model simulated precipitation change. (a) and (b) percentage change in annual precipitation amount from 
1970–1999 to 2070–2099 simulated. (Dai et al., 2018). 

 

These projected precipitation changes can lead to more floods outside the subtropics and to 

more droughts around the subtropics regions (Dai & Bloecker, 2019; Hirabayashi et al., 2013). 

Thus, these areas, where the precipitation will decrease will be much drier by decreasing their 

surface soil moisture, potentially becoming arid climates. However, heavy precipitation during 

short periods will be more frequent in Europe, which may also be catastrophic 

(Hosseinzadehtalaei et al., 2020; Madsen et al., 2014.  

The temperature increase during the last decades, which causes higher evapotranspiration 

(Ramos & Martínez-Casasnovas, 2010) together with the irregular distribution of rainfall and 

its trend to be concentrated in a reduced number of events, increases the likelihood of 

grapevine stress events during the whole vegetative and reproductive cycle, which can have 

extreme effects on the whole vine and wine sector (Jones et al., 2005b; Ramos & Martínez-

Casasnovas, 2010).  

2.3 Climate change impact on vine development 
As described in the previous chapter, climate change can affect grapevine development by 

changing factors with direct impact on several vegetative and reproductive factors that affect 
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grapevine development. Some of these factors affect grapevine development in different 

ways. This chapter explores a detailed description of how climate change factors affect 

specific grapevine intrinsic interactions and performance.  

2.3.1 Canopy microclimate 
The canopy of the vine includes the whole aerial part of the plant, including leaves, shoots and 

bunches. Therefore, canopy microclimate refers to the conditions within the leaves. It’s 

influenced by the training system, variety, location, exposure and also by climate parameters 

such as temperature, CO2 concentration, solar radiation, precipitation and humidity levels. It 

can differ from the climate outside of the canopy because the leaves and shoots absorb and 

reflect sunlight and block air circulation, affecting temperature and humidity levels (Palliotti et 

al., 2014; Kliewer & Smart, 1989).  

Exposed leaves and berries are heated by absorption of shortwave solar radiation. The extent 

of difference from air temperature depends upon radiation load, wind velocity, and leaf or berry 

size and color. Exposed leaves, which are well supplied with water and are actively transpiring, 

they remain less than 5°C above the air temperature. Shaded leaves may be below air 

temperature due to transpiration cooling. At night, leaves and fruit exposed to clear sky 

conditions and low wind velocity may be 1° to 3°C below air temperature, due to long wave 

radiation emission. In the center of a dense canopy, the wind velocity is reduced and there 

are higher rates of transpiration by the leaves, and lower evaporation rates leading to higher 

amounts of humidity which can be significant for the development of fungal diseases (Smart, 

1985). 

On one hand a large canopy with a wide leaf area and a covered cluster zone increases shade 

and humidity and therefore decreases temperature and increases the risk of fungal disease 

development. On the other hand, a canopy with concentrated leaf area and a less covered 

cluster zone will decrease shade and humidity and therefore increased temperatures due to a 

wide range of exposed leaf area which under normal conditions, promotes cluster ripening 

and quality grape (Palliotti et al., 2014).  

Due to climate changes, there are being an increase in temperature and a reduction in the 

humidity on the canopy, leading to a canopy management to mitigate those risks (Diago et al., 

2019; Quiñones et al., 2020; X. Wang et al., 2019) 

2.3.2 Water status  
Grapevine water status refers to the balance and availability of water within its root zone, a 

crucial factor in vineyard management. Understanding and managing the water status of vines 

is essential to produce high-quality grapes and, ultimately, exceptional wines. Vine water 
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status is highly dependent on cultivar, rootstock, training system, planting density, leaf area 

and seasonal temperature patterns (Lamaoui et al., 2018). The soil plays an important role 

since it provides water and nutrients to the vines as well as determines the implementation 

and the depth of roots growth (Jones, 2018). Also, landscape and topography have a 

significant impact on the distribution of soil water content (Srivastava et al., 2021).  

A grapevine needs between 300 and 600 mm of water in cool climates and between 400 and 

800 mm in hot climates during its vegetative cycle (Williams, 2017; Williams & Baeza, 2007). 

Adequate water supply guarantees a proper functioning of physiological processes such as 

photosynthesis, nutrient uptake, and transpiration.  

A moderate plant water deficit can control excessive vegetation by improving the partitioning 

of carbohydrates to reproductive structures and therefore improve grape quality (Rienth & 

Scholasch, 2019). However, excessive soil moisture can cause waterlogged conditions and 

make the vine susceptible to diseases. Extremely severe water deficit can lead to plant stress 

and cause losses in quantity and quality and threaten the longevity of a vineyard by reducing 

the reserves of perennial parts (Pellegrino et al., 2014).Therefore, it is of extreme importance 

to evaluate vine water status and to adapt management practices according to achieve yield 

goals. One common management practice is irrigation techniques such as drip irrigation or 

sprinkler systems. Precise irrigation is crucial to optimize water use efficiency and avoid under 

or over irrigation.  

The increasing water deficits occurring due to climate change negatively affect the yields, the 

profitability, and the sustainability of wine production. Adaptations to drier conditions are 

becoming more important in wine regions. There are several management practices and 

adaptations to improve water use in vineyards such as the use of drought-resistant plant 

material, soil, and canopy management. Also, the use of new technologies like models, 

proximal and remote sensing can improve water management (Rienth & Scholasch, 2019).  

In conclusion, water status in the vine is a key consideration in vineyard management. It 

involves managing soil moisture, implementing irrigation practices, and monitoring vine health.  

2.3.3 Grapevine Phenology 
Grapevine phenology can be divided into periodic (phenological) events influenced by weather 

and climate. It can be measured by seasonal stages, e.g. budbreak (sprouting), flowering, fruit 

set, veraison (color change and ripening start), grape maturity and senescence (leaf fall) 

(Lorenz et al., 1995). The time of these phenological stages varies with grapevine variety, 

climate, and geographic location.  
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In general, the optimum temperature conditions for growth are from 12 to 35ºC (Fraga et al., 

2019; John Gladstones, 2011). There are two main thermal factors influencing plant 

development: cold (chilling) and heat (forcing) requirements. A chilling period, with 

temperatures below 10ºC is necessary to trigger bud break dormancy. This will allow the plants 

to set buds and produce fruit when warmer temperatures arise leading to a growing period. 

To start the maturation, temperatures between 20-35ºC are necessary, while above 35ºC, the 

plant gets stressed, and delay its phenological development.  

Regarding water status several studies have shown that during different stages there are 

different water needs. During dormancy, a reduced amount of water in spring delayed the time 

of budburst. However, during bud-break to fruit-set, for the induction of inflorescences and 

floral differentiation, enough water availability is needed to achieve significant yields in the 

next year. Water stress during this stage can cause reductions in shoot growth and low berry 

set. On the opposite side, excessive water availability during this stage may overstimulate 

vegetative growth, which can lead to excessively vigor and dense canopies. From flowering 

to berry ripening severe water stress can lead to reductions in leaf surface, limitations on 

photosynthesis and to flower abortion and cluster abscission. During maturation,moderate 

water stress generally favors the production of high-quality wines (Bonada et al., 2020; 

Guilpart et al., 2014; Jones & Davis, 2000; Keller, 2010).  

Several studies have recorded phenological shifts. In the last 30-40 years, leaf out and 

flowering seasons timing has advanced 6 to 20 days (4-6 days per ºC) and the period between 

flowering and veraison decreased by more than 1 day per ºC (Greer & Weedon, 2012; Labbé 

et al., 2019; Menzel et al., 2006; Merrill et al., 2020). A study on four cultivars in south-west 

Germany revealed an average 10-24 days shifts of some of the most important grape 

phenological stages (bud break, flowering, veraison and harvest) from 1975 until 2015 (Koch 

& Oehl, 2018).  

In southern Europe-Iberia, an increased in temperature is expected during the growing period 

and a slightly increased during the chilling period, leading to advance in phenology 

development, especially in flowering and ripeness, and advancing the harvest days (Fraga et 

al., 2018; Venios et al., 2020).     

 

2.3.4 Photosynthesis 
Photosynthesis plays a crucial role in the growth and development of grapevines. It is the 

process by which plants convert sunlight, water, and carbon dioxide into glucose (sugar) and 

oxygen. It takes place in the stomata of the leaf, concretely in the thylakoids. In vineyards, 
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photosynthesis is essential to produce sugars that contribute to grape ripening and ultimately 

impact the wine quality. 

To achieve the maximum rate of photosynthesis, certain environmental conditions need to be 

optimal. Photosynthesis is the main process to be directly affected by temperature variations 

(Fahad et al., 2017; Sharma et al., 2020). The optimum temperature for the grapevine is 

between 25º-35ºC (Zhang et al., 2018). Because of climate change, the temperature has been 

increasing leading to changes in photosynthesis activity.  

Extremely high temperatures, above 40ºC have drastic effects on photosynthesis mainly due 

to the disruption of the photosynthetic apparatus. Several studies using a temperature range 

between 20ºC and 45ºC concluded that the average photosynthetic rate does not decrease 

significantly at 35ºC, however at 45ºC was inhibited by 60%. This decrease in the 

photosynthetic rate reduction may be attributed to a reduction of stomatal conductance (of 15-

30%). This is because heat and drought stresses are tightly linked, as leaf temperature rises 

it reduces its stomatal conductance and may consequently increase the symptoms of heat 

stress. However, as is the case for other abiotic stresses, the effect of heat stress on stomatal 

conductance differs among grapevine varieties (Greer & Weedon, 2012; Lamaoui et al., 2018; 

Luo et al., 2011; Zhang et al., 2018).  

Stomatal closure serves as the first line of defense during drought stress. Transpiration takes 

place in the stomata and is often presented as a vapor pressure deficit (Ehleringer & Monson, 

1993). This process is crucial to the plants since it allows an energy balance providing 

evaporative cooling necessary to keep leaf temperature below a maximum allowable limit 

(Chaves et al., 2016). Average transpiration rates in grapevine leaves have been shown to 

increase five times at a temperature range between 15º and 40 °C, i.e., from 0.5 to about 2.5 

mmol m−2 s−1 (Greer, 2019).Stomatal conductance declines under high vapor pressure deficit 

levels, although it is highly dependent on grape variety (Greer, 2019; Sade et al., 2012; Soar 

et al., 2009).  

2.3.5 Senescence and Sunburn 
Stomatal closure can accelerate the senescence process and lead to leaf and berry sunburn. 

Senescence refers to the natural aging process of plants, concretely as vines mature, and it 

is often characterized by the yellowing, browning, and eventual shedding of leaves. During 

this process, leaves and other parts of the vine start to deteriorate and lose their function 

because there is an allocation of resources that shifts towards reproductive structures like 

grape clusters. This process is influenced by some factors such as vine age, environmental 

conditions, and vineyard management (Greer & Weedon, 2012).  
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Sunburn its more common in regions with high solar radiation and hot climates where 

grapevines are exposed to excessive sunlight and heat, resulting in overheating, and leading 

to vine tissues damage. The most affected parts are the exposed fruit, leaves and shoots so 

it highly depends on vineyard orientation and canopy management. It manifests as browning, 

discoloration, and necrotic patches on the affected tissues. In severe cases, can lead to 

reduced photosynthesis, impaired grape development, and lower grape quality (Rustioni et 

al., 2014).  

Due to climate change, increased temperature and solar radiation, sunburn on leaves and 

berries is becoming more frequent, mostly in south Europe (Gambetta et al., 2021). Effective 

vineyard management practices, such as proper pruning, nutrient management, canopy 

management, and varietal selection, can help delay senescence and mitigate the risk of 

sunburn and therefore can promote vine longevity, optimize grape quality, and sustain a 

productive vineyard (Lamaoui et al., 2018). 

2.4 Changes in Berry composition 
Global warming is expected to change the temperature range in major viticultural areas, 

leading to changes in the composition and berries quality. Elevated temperatures disturb 

several metabolic pathways resulting in alterations in the biosynthesis of basic compounds 

that are critical for the grape must quality such as fermentable sugars, organic acids, nitrogen 

compounds, minerals, pectin, phenolic compounds, and aromatic compounds (Blancquaert et 

al., 2019)  

Concretely, high temperatures decreased the acidity and anthocyanin levels and increases 

the sugar content resulting in unbalanced wines with higher alcohol content and deprived of 

freshness and aromatic complexity (Figure 4) (Bernardo et al., 2018; Neethling et al., 2012; 

Van Leeuwen & Destrac-Irvine, 2017).  
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Figure 4- Elevated temperatures effect on grape berry metabolism. (Venios et al., 2020). 

Rising temperatures increase the biosynthesis of sugars in grapes and, when carrying out 

alcoholic fermentation, these are transformed into ethanol. In the last decades, the ethanol 

content has increased, many wines that used to have 11-12% vol. now have about 13-14% 

vol. (Neethling et al., 2012; Venios et al., 2020).   The acidity in winemaking is extremely 

important because it controls the development of microorganisms, and it affects wine quality 

since the taste of wine is directly related to acid concentration. The main organic acids are 

tartaric acid and malic acid and along with potassium content characterizes the acidity of grape 

berry juice (Bernardo et al., 2018). There is a direct link between potassium and pH levels 

since high potassium concentration leads to high pH values. Elevated temperatures affect 

grape acidity, mostly ripening phase, because the potassium concentration increases, 

increasing the pH value and reducing the total acidity concentration. At these temperature 

conditions, malic acid is metabolized faster than tartaric acid since the optimum temperature 

for malate accumulation is 20-25ºC, and at 40ºC a concentration decline can be observed 

(Keller, 2010).  High temperatures also affect the sugar-acid balance since it can promote the 

accumulation of sugars and the following degradation of organic acid resulting in lower acidity 

for the same sugar content in grapes (Figure 4) (Sweetman et al., 2014).  

The main components of the grape color are anthocyanins, a phenolic compound, mainly 

found in the grape skins of red grapes. Heat stress can also affect the biosynthesis of phenolic 

compounds since it restrains the formation of flavor compounds and anthocyanins leading to 
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a decrease in grape color (Bernardo et al., 2018; Poudel et al., 2009; Yamane et al., 2006). 

The optimum conditions for the formation of aroma compounds are within the range of 20-

22ºC since at high temperatures over 37ºC a reduction of volatile compounds, and therefore 

a loss of aroma compound, is observed (Bernardo et al., 2018; Neethling et al., 2012; Venios 

et al., 2020)  

Vine water status can have an indirect effect on grape composition. Several studies were 

conducted to assess the effects of grapevine water status on berry and wine composition 

using red and white varieties under semi-arid environments. Concretely, water deficit 

increases the skin to pulp ration in the berries, thus increasing the amounts of skin tannins 

and anthocyanins (phenolic compounds). It was proven that water status is positively 

correlated to berry size, total acidity, pH, tartaric acid and malic acid, anthocyanins and 

polyphenols and negatively to total soluble solids. (Balint & Reynolds, 2017; Bindon & 

Kennedy, 2011; Intrigliolo et al., 2012; Ojeda et al., 2002; Ollé et al., 2011; Santesteban et al., 

2011).  

2.5 Adaptation options 
 

In future scenarios, mainly due to severe dryness, winemaking regions, mostly in southern 

Europe may suffer a decline in their viticulture suitability (Fraga et al., 2019a; Gutiérrez-

Gamboa et al., 2021; Ramos & Martínez-Casasnovas, 2010; Van Leeuwen & Destrac-Irvine, 

2017). These regions will become excessively dry for winemaking and in some extreme cases, 

will require intensive irrigation (Fraga et al., 2018; Romero et al., 2022). It was shown that 

increased summer dryness in southern Europe will lead to yield losses as a result of warming 

and drying (Fraga et al., 2016). Therefore, suitable adaptation measures need to be applied 

to face climate change impacts. One of the adaptation measures involve crop cultural 

practices and techniques, such as changes in the canopy geometry, reduction of the 

assimilation surface by leaf removal above the cluster-zone, reduction of canopy size to 

minimize water consumption, earlier harvests to achieve moderate sugar levels and adequate 

acidity and water consumption, use of shadow nets in order to delay ripening, in order to move 

the decisive stages in maturity after veraison into the cooler part of the season (Bernardo et 

al., 2018; Gutiérrez-Gamboa et al., 2021; Miras-Avalos & Araujo, 2021; Van Leeuwen et al., 

2019; Van Leeuwen & Destrac-Irvine, 2017). To avoid grapes ripening under high-temperature 

conditions, training systems that delay ripening may be used such as minimal pruning systems 

that can delay maturity and bunch rot formation (Molitor et al., 2019). To achieve reduced 

sugar content of grapes and therefore reduced the alcohol content, the leaf area to fruit weight 

ratio can be manipulated (Stoll et al., 2013). Regions under extreme dryness should promote 
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higher water use efficiency by adopting training systems that promote shorter trunks, such as 

the Gobelet or Guyot systems (Flexas et al., 2010; Pieri & Gaudillère, 2003).  

Nowadays irrigation is used to improve and standardize crop yield and quality, whenever 

precipitation is not enough to defined grapevine water requirements. Drip irrigation is the most 

used and efficient irrigation system for water saving (Sauer et al., 2010). The management of 

vineyard irrigation is based on deficit irrigation (DI) strategies that can be regulated deficit 

irrigation, sustained deficit irrigation and partial root drying (Ferreira et al., 2012). Several 

studies conducted shown beneficial and advantageous strategy and adaptation for the 

growers (Balint & Reynolds, 2017; García et al., 2012; Miras-Avalos & Araujo, 2021; Romero 

et al., 2022; Santesteban et al., 2011). 

Besides irrigation, which influences soil moisture, other practices should be implemented to 

safeguard soil fertility and preserve resources that are not dragged by soil erosion. The use of 

synthetic and organic mulches, including compost, or straw may have positive effects on soil 

water content and yield because they moderate the soil temperature and suppress diseases 

and harmful pests (Armstrong et al., 2016; Helder & João A., 2018; Srivastava et al., 2021; 

Tunçay et al., 2021).  

Extreme heat, water scarcity and high irradiance in vineyards urge the application of 

exogenous compounds that could prevent the plant to be under these environmental stresses 

such as the use of sunscreen. The most commonly used sunscreen is kaolin, a white clay, 

which is chemically inert and has excellent reflective properties (Bedrech & Farag, 2015). This 

product has a positive impact on leaf cooling, minimizing the risk to leaf and bunches sunburns 

(Bernardo et al., 2018; Dinis et al., 2018). Several studies have shown that kaolin application 

improved in greater quantity the synthesis of antioxidants, phenols, flavonoids, anthocyanins 

and colour, flavour, aroma, texture and astringency compounds in berries (Bernardo et al., 

2017; Conde et al., 2018; Dinis et al., 2018). Also, recently the use of shade nets has been 

studied to decrease incident radiation and consequently surface temperature (Basile et al., 

2015).  

2.6 Agrivoltaics  
Recently, still at a research stage, the use of photovoltaic panels (PV) above the vineyard, 

known as agrivoltaics (AV), is being studied to create shade and reduce sun irradiation and to 

try to mitigate the climate change effects described in previous chapters (Pascaris et al., 2020; 

Wibowo et al., 2021).  
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Agriculture and renewable energies are two growing sectors in the last two decades. Solar 

energy is known as the most reliable energy source to provide the power demand of various 

agricultural operations (Gorjian et al., 2020, 2021).  

Photovoltaic panels use semiconductors to directly convert sunlight into electricity and the 

most used materials for commercial PV cells are silicon (Si). New PV technologies with higher 

levels of efficiency have emerged including semi-transparent PV having the capacity to 

manipulate the light spectrum unlike the traditional opaque PV modules (Gul et al., 2016; 

Parida et al., 2011).  

In recent years, pioneering progress has been observed in solar energy and photovoltaic 

panels (PV) technology has captured a massive market in modern electricity production since 

it is now the most affordable renewable energy technology (IEA, 2021). Power generation is 

mainly influenced by solar insolation, the tilt and azimuth angle of the array. Ambient 

temperature and dust accumulation may also have an indirect impact.  

The tilt angle is relative to the horizontal ground surface and the azimuth is related to east-

west bearing. To have the maximum energy production from the PV, in the northern 

hemisphere the panels must face south and in the southern hemisphere must face north to 

obtain the maximum direct radiation as possible throughout the day (Scognamiglio, 2016). 

Also, the orientation must be zero at solar noon, negative in the morning and positive in the 

afternoon (Chiabrando et al., 2009). The tilt of the panels can be manipulated if the structure 

has a tracking system. The type of axis is very important since a single-axis tracking system 

has a fixed tilt angle and a dual-axis PV module adjust array tilt and azimuth to ensure that 

the panels follow the income irradiance (Wang & Sun, 2018).  

Ground-mounted PV systems create land competition for the use of agriculture. Thus, new 

technologies have been studied to undertake this problem, such as the merge of the PV sector 

and agriculture resulting in rooftop photovoltaics and agrivoltaics systems (Dupraz et al., 2011; 

Goetzberger & Zastrow, 1982; Pascaris et al., 2020).  

Agrivoltaic systems are classified according to the type of the systems, being closed or open, 

type of the structure, interspaced PV, overhead PV, PV integrated greenhouses, and to the 

type of the application such as grassland farming, arable farming, horticulture, and 

aquaculture. Therefore, it can be installed on open field farms or in greenhouses (Figure 5).  
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Figure 5- Cross-section of a typical agrivoltaic system installed on an open field (Fraunhofer ISE, 2020). 

The use of PV in farming environments benefits sustainable agriculture, including low carbon 

emissions, long-term energy sources and is part of a solution to mitigate the effects of climate 

change on crops.  

Crops under sunshade of PV modules can improve rain redeployment, reduce wind speed 

and protect from temperature deviations reducing evapotranspiration, soil moisture and, in 

general, providing security against climatic uncertainty. Apart from mitigating climate change 

effects on crop production, the use of agrivoltaic allows the farmer to produce energy towards 

farm self-sustainability.  

Solar energy can be measured by irradiance that refers to instantaneous incident power from 

the sun (kW/m2) and by insolation that is the energy received over of time (kWh/m2) (Adeh et 

al., 2019; Roy & Ghosh, 2017). Studies have recorded the agrivoltaic energy power obtained. 

Two trials were conducted in India. This country receives 4–7 kWh of solar radiation per 

square meter per day, which is equivalent to 2,300–3200 h of sunshine every year.  Malu et 

al. (2017) studied the power generated by an AV in a vineyard, concretely in 17 rows and 32 

columns physically where the potential array is calculated to be 168.64 kW. It was reported 

an average solar power generated of 259,826 kWh/year.  

Patel et al. (2019) recorded 3MW solar power installed on 7ha of land and the average solar 

power generated, as well as the auxiliary consumption from 2012 to 2017 were, respectively, 

4,738MWh and 6.5 MWh.  Finally, Schindele et al. (2020) noticed that an agrivoltaic farm 

recorded solar electricity power of 1,284 kWh/year.  

However, power generation is mainly influenced by solar insolation, the tilt and azimuth angle 

of the array. Ambient temperature and dust accumulation may also have an indirectly impact. 

With respect to air temperature, it has been observed that under conditions of high irradiance, 

the temperature of agrivoltaic panels tends to be 5-8ºC higher than the ambient temperature. 

However, it is worth noting that some research suggests that due to the evapotranspiration 
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processes of the plants, agrivoltaic systems experience less heating compared to 

conventional photovoltaic installations (Barron-Gaffor et al., 2019; Rahman et al., 2017). Dust 

accumulation can also have impact in electricity generation. Agriculture field works can 

negatively affect power performance by 50% since it increases deposition dust in PV (Adinoyi 

& Said, 2013). Thus, periodic management of the module is necessary. Also, there must be 

enough space between support pillars, 4-5m, to allow the machinery work (Weselek et al., 

2019)  

2.6.1 Impacts of Agrivoltaic system in crops 
Several studies have been conducted to understand the impact of agrivoltaics in crops 

regarding situational factors, affecting agriculture production and crop management,  

The results obtained regarding air temperature and humidity were very different on some 

studies, some researchers have found similar mean daily parameters levels under direct sun 

exposure and under PV panel shades while others have observed significant disparity in these 

parameters. Specifically, Marrou et al. (2013) did not observe any difference in the mean daily 

air temperature between an agrivoltaic trial and open control plot. However, Weselek et al. 

(2019) and Adeh et al. (2018) recorded a decrease in air temperature. It is important to notice 

that the configuration of the agrivoltaic system was very different, the Marrou et al. (2013) had 

installed at 4m above the soil and Adeh et al. (2018) have been held at 1.1m. The insufficient 

space for airflow hindered natural convection leading to rises in air temperature and humidity 

under the panels. In addition, the mean and the distribution of wind speed was very different 

too since the trials were performed in different regions, in France and in the USA, respectively.  

Soil moisture levels resulting from agrivoltaics installation were also studied. The daily average 

soil temperature under PV systems was found to fall significantly as compared with full sun 

exposure since it affects soil evaporation rate, thereby influencing soil temperature. Marrou et 

al. (2013), in France, using lettuces and cucumber crops showed a decreased on soil 

temperature compared with full sun exposure. In Italy, Amaduci et al. (2018) studied the effects 

on maize on three panel management systems (static, sun-track and full light) in a full irrigated 

soil and in a rainfed soil. For static and sun-tracking panel management and for both water 

conditions, a reduction in soil temperature with a mean difference of 1ºC was observed, as 

well as a reduction in evapotranspiration and on water balance. In addition, under rainfed 

conditions the grain yield was higher and more stable using AV.  In United States, Adeh et al. 

(2018) and in United Kingdom, Armstrong et al. (2016) studied the environmental effects of 

solar panels on an unirrigated pasture and observed a reduction on soil temperature.  

Barron-Gafford et al. (2019) carried out a trial on three different crops chilepin pepper, 

jalapeño, and tomato under a PV array at 3,3m above the soil and reported a reduction in 
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photosynthetically active radiation (PAR) when compared to the control and a lower vapor 

pressure deficit (VPD) indicating an increase in air moisture.  

Irradiation distribution is one of the most important factors for agrivoltaics and for crops since 

the plant growth is highly dependent on light intensity and sunshine time. Kaneko et al. (2015) 

and Santra et al. (2021) observed, a significant decrease in photosynthetically active radiation 

(PAR) levels (84,5-1,27 mmol cm-2 s-1) comparing to open sun conditions (243-1296 mmol cm-

2 s-1).  

Research reported favorable interactions in the shading provided by agrivoltaics in areas 

affected by water scarcity. Some authors stated that mitigation of direct irradiation through 

shading, provided by PV modules, decreases soil evaporation levels, and therefore enhances 

water saving. In France, Elamri et al. (2018) perform a trial using lettuces under solar panels 

at 4m above the ground on 4 shading methods and concluded that water for irrigation can be 

reduced by 20%. Also, a reduction in evapotranspiration improves water use efficiency. 

Marrou et al. (2013) stated that evapotranspiration decreased by 10-30% unlike the normal 

50-70% of full exposure.  

Furthermore, Dupraz et al. (2011) used two agrivoltaic systems with different densities in a 

crop model land concluded that agrivoltaic systems may be highly productive, with increases 

of land productivity as high as 60-70%. Hudelson & Lieth. (2021) using several crops such as 

peppers, tomatoes, spinach, and kale cultivated at various locations within a partial PV shade 

(7%, 55-65% and 85%), oriented north-south and tracked east-west, reported that, depending 

on location, plant yields are affected by microclimate variations under PV.  

However, agrivoltaic systems can also have negative impacts on plant development. The 

decrease in solar radiation uptake by the plants lead to a decrease of plant growth (Dinesh & 

Pearce, 2016; Marrou et al., 2013).  

2.7 Agrivoltaic in vineyard 
As mentioned in previous chapters, grapevine is one of the most affected crops by climate 

change. The main wine regions are in countries where climate change has a big impact 

affecting on yield and wine quality (Ferrara et al., 2023). Thus, new technologies, such as 

agrivoltaic (AV) arise as a solution. Due to these, studies are being run in European wine 

regions showing positive effects of agrivoltaic systems in vineyards.  

As an example, in Italy, Ferrara et al. (2023) studied agrivoltaic effects on Corvina variety for 

three years (2017, 2018 and 2019). Specifically, the panels were placed in 15 rows between 

2,6 m and 1,9 m above the soil and the vines were covered with 75% of shade (Fig 6) and 5 

rows distant apart from AV plot were used as control. Vapor pressure deficit was analyzed, as 
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well as average temperature, evapotranspiration, irradiation levels, soil temperature, 

transpiration rates, photosynthetic activity, stomatal conductance, and water potential. The 

yield was also quantified regarding the number of clusters, the bud fertility, and the berry 

weight.  Berry composition was also evaluated regarding the total soluble solids, the pH, the 

titratable acidity, tartaric acid, malic acid and the polyphenols content. Mostly during summer 

at midday the AV vines presented a metabolic activity increase comparing to FS vines. 

Particularly, AV vines showed higher photosynthetic activity compared to full sun vines around 

midday. Transpiration values of AV plants were in average 1 mmol m-2 s-1 lower, during 

morning. In addition, evapotranspiration did not cause water stress in the plant. Stomatal 

conductance values were very similar for both treatments. The soil temperature registered on 

AV plot was 1-3ºC lower than on full sun plot. It also presented fewer negative levels of water 

potential (ψstem). Regarding berry composition, in AV berries presented a decrease in TSS, 

polyphenols and anthocyanins and an increased in the content of organic acids.  

 

Figure 6- Grapevines covered by photovoltaic panels and an example of agrivoltaic system. (Ferrara et al. 2023). 

 

Furthermore, one other study was conducted in a french vineyard, with 4.5 hectares using 

Grenache N variety, with 280 photovoltaic panels covering 600 m2 at a 4.2 m above the soil. 

There was a reduction in evapotranspiration resulting in the water use efficiency increasing by 

almost 34%. Also, there was an increased in the content of anthocyanins and in acidity 

improving the aromatic profile (Sun´Agri, 2021).  



31 
 

Globally, these studies conclude that vineyards using an agrivoltaic system can mitigate the 

heat waves effects and, therefore, there is an improvement in the quality of grapes and wine. 

However, there is a need to continue studying the agrivoltaic system in the vineyard in terms 

of energy efficiency and its effects on canopy microclimate and on the grape and wine quality, 

particularly in different locations and with different grape varieities.   

3. Materials and Methods 

3.1. Plant material and growth conditions 
 

The experiment was carried out in two fully grown experimental vineyards in the Lisbon 

winegrowing region, Portugal (Figure 7A). Data were collected at Instituto Superior de 

Agronomia (ISA) vineyard, located at Tapada da Ajuda (38°42'24.61" N 9°11’05.53" W). 

 

The climate is of Mediterranean type with an Atlantic influence. This vineyard consists of spur 

pruned vines trained on a vertical shoot positioning trellis system with two pairs of movable 

wires. One Portuguese wine variety was selected for this study: Encruzado. This variety is 

grafted onto 1103 Paulsen rootstock, planted in 2006 and spaced 1.0 m within and 2.5 m 

between north–south oriented rows (Figure 7B). The vineyard plot consists of 9 rows, 

numbered from 40 to 49. Each row is divided into blocks demarcated by poles. The number 

of plants in each block ranges from 5 to 7, including any missing plants. Water was supplied 

with a drip irrigation system, and irrigation was managed using a soil moisture sensor. 

Irrigation began on April 12th and readily available water was maintained over the whole growth 

cycle and reduced to moderate water stress until harvest. After harvest, a fertirrigation process 

was carried out in preparation for the following year (see chapter results Figure 21).  Soil 

analyses were made in order to understand the soil composition regarding the texture, the 

Figure 7- A: Satelite image of the Vineyard of Meia Encosta at ISA. Aprox scale of 1:4250. B: Scheme of the grape varieties 
planted in the Vineyard of Meia Encosta. Pointed variety in study (Victorino et al., 2017).  
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organic matter content, the macronutrients and micronutrients levels and the electrical 

conductivity of the soil. Detailed analysis per treatment is further explored in the chapter 

results. Shoot thinning was performed to reduce the shoots variability.  

3.2. Experimental design 

3.2.1. Spatial variability analysis 
In Victorino, 2015 and Victorino et al. (2017), an analysis of spatial variability was carried out 

for Encruzado, and some differences were observed between the northern and southern part 

of the vineyard, regarding Leaf Area and Exposed Leaf Area parameters. Moreover, the 

research conducted by Machado, 2018 identified notable distinctions in soil composition. This 

substantiates our approach, which involves a meticulous assessment of spatial variability to 

discern suitable grapevines. This is particularly pertinent given the well-documented and 

corroborated variability ascertained by various authors and studies in this domain. 

To determine the spatial variability within the entire Encruzado vineyard area, an analysis was 

conducted on the pruning weight for the year 2022 and trunk diameter measurements taken 

in March 2023 for two plants per block. A total of  7 blocks per row were measured, in a total 

of 126 plants. The trunk diameter was measured using Williams et al. (2020) methodology. 

Using this data, a Kriging map was computed in order to understand the spatial variability on 

the vineyard. The Kriging map was performed using the QGIS Software (QGIS Development 

Teams, 2023) with the default settings of the plug-in SmartMap (Pereira et al., 2022). This 

analysis is further explored in the results chapter. 

3.2.2. Determination of smart points 
Following the spatial variability analysis, four smart points were chosen from each plot to 

ensure that vines in both treatments exhibited similar performance. This selection will allow 

for a fair comparison in the coming years. Therefore, the experimental design consists of two 

main plots, the PV plot and the full sun plot (control), in which each plot encompasses 4 smart 

points with 5 vines each, resulting in a total of 40 vines under study. In both plots the same 

standard managements practices were employed.  The most homogeneous smart points for 

each plot were selected as represented on the results chapter.  

  

3.3. Data Collection 

Throughout this thesis, numerous parameters were systematically gathered to characterize 

the vineyard and its unique attributes. Due to the physical separation of the plots, inherent 
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spatial variability is an unavoidable factor. To facilitate a fair comparison between the plots 

and establish a foundation for future analysis following the installation of the Agrivoltaic (AV) 

system, smart points were chosen to identify vines with similar performances in both plots. 

Both weekly and stage-specific data collection protocols were employed. The frequency of 

observations for each parameter was contingent upon the complexity of the methodology 

employed for its measurement. 

 

Phenology: 

To determine the general growth the phenology was registered weekly using the BBCH scale 

(Lorenz et al., 1995).  

Shoot length: 

To assess shoot growth, weekly measurements of shoot length were collected. For this, two 

plants, two shoots of average length, were selected and measured. In total, 16 samples per 

treatment were analyzed for this parameter. 

Static sensors:  

The meteorological conditions of the 2023 season were obtained using a weather station in 

the vineyard and comprehensively assessed through an analysis of key climatic parameters, 

including precipitation, temperature, and solar radiation. This investigation aimed to provide a 

holistic overview of the prevailing weather patterns during the year.  

To assess the water status of the soil, a set of water probes was strategically positioned across 

different smart points within the vineyard.  

Stem water potential: 

The analysis focused on stem water potential at key phenological stages, commencing with 

flowering (BBCH 61 - April 26), pea size (BBCH 73 - May 16), and maturation (BBCH 85 - July 

3). This measurement was carried out on two plants selected from each smart point in both 

plots. This procedure involved enclosing a leaf within a plastic bag surrounded by aluminum 

foil for a duration of 45-120 minutes. This procedure halted leaf transpiration, allowing it to 

equilibrate its water potential with that of the stem. The data was collected using a Scholander 

pressure chamber, and measurements were taken approximately at midday on sunny days to 

ensure the most representative samples, in accordance with the methodology outlined by 

Greenspan et al. (1996) 

Leaf area: 



34 
 

Leaf area was calculated to assess the plant's vigor. More precisely, this analysis involved the 

measurement of two shoots from two plants at each designated smart point within both 

treatment groups during specific phenological stages, flowering (BBCH 61 - 26/04), pea size 

(BCCH 73 - 16/05), veraison (BBCH 83 - 22/06) and maturation (BBCH 85 - 3/07) respectively. 

It's important to note that this methodology is non-destructive and centers around the 

measurement of the average leaf area of the selected shoots (Lopes et al., 2004; Lopes & 

Pinto, 2005). 

Exposed leaf area: 

The exposed leaf area was analyzed on all the plants per SP for each treatment at specific 

phenological stages, flowering (BBCH 61 - 26/04), pea size (BCCH 73 - 16/05), veraison 

(BBCH 83 - 22/06) and maturation (BBCH 85 - 3/07) respectively. The exposed leaf area was 

calculated as the product of the average height and average thickness of the canopy (without 

accounting for any potential canopy porosity) (Lopes & Pinto, 2005). 

Canopy and soil temperature: 

To determine the canopy and soil temperature, thermography measurements were carried out 

at specific phenological stages, namely pea size (BBCH 73 - May 16), veraison (BBCH 83 - 

June 22), and maturation (BBCH 85 - July 3). Thermal images were captured using a thermal 

camera (FLIR A35sc), targeting both the canopy and the row. For each smart point, a single 

image was taken, and at the end of each smart point, an aluminum bar was placed to serve 

as a reference point. Additionally, the camera was strategically positioned at a diagonal angle 

to ensure visibility of the aluminum bar and to reduce the amount of noise caused by canopy 

porosity (Figure 8). 

 

 

 

 

 

 

 

 

 

Figure 8- Example of thermography image collected on  Encruzado variety plot. 
Black square signaling the aluminum bar.  
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Leaf gas exchanges: 

An infrared gas analyzer (IRGA) was used on one leaf per plant, per SP, positioned in the 

upper middle section of the canopy. Data was collected at pea size (BBCH 73 - 16/05), 

veraison (BBCH 83 - 22/06) and maturation (BBCH 85 - 3/07). Tthe Li-6400 Portable 

Photosynthesis System (Li-Cor, Inc. Lincoln, NE, USA) was used and the data was taken in 

the early afternoon, in full sun days between 12:00 – 15:00 h, to have the best representative 

samples, based on Toro et al. (2019). The analysis was focused on the photosynthesis rate, 

and, the stomatal conductance.  

Canopy porosity: 

One RGB image per smart point were taken using a commercial camera (Nikon D5200) 

equipped with a Sigma 50 mm F2.8 macro (Sigma corp., Kanagawa, Japan), set to auto-

mode. The camera was mounted on a tripod approximately 2 m away from the row axis and 

1 m above the ground (Figure 9), a blue background was placed behind the canopy for each 

imaged canopy segment and a fixed plastic bar was positioned under the canopy all along the 

smart points and used as a reference scale. Images were collected at two phenological stages: 

pea size (BBCH 73) and maturation (BBCH 85). Each image encompassed a canopy segment 

of 1 m (~1 vine, Figure 11) and was analyzed individual plant of all the smart point per 

treatment. For more details, see Victorino et al. (2023). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9- Image captured from a single plant within the control smart point, featuring a bar strategically 
positioned as a scale reference. A blue background was used to more easily detect canopy holes.  
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Yield and yield components near harvest 

First bunches at maturation, closest to harvest, (BBCH 89 – 7/08) were collected. It was 

collected approximately 40 bunches in total and taken into the lab. In the lab, we measured 

the bunch weight using a table scale (KERN FCB v1.4). Then two images were collected per 

bunch in a blue background, in perpendicular perspectives, using a standard commercial 

camera (Nikon D5200) using the label as a reference scale (Fig. 10A). A custom made phyton 

script was used for color thresholding and it was calculated the average projected area, the 

perimeter and the maximum length of each bunch. After the images bunches, the bunches 

were destemmed, and the rachis were weighted and the number of rachis ramifications were 

counted. We placed the berries separately on a table for image collection (Fig. 10B) and once 

again a custom made python script was used for berry counting.  

 

 

Figure 10- A: Bunch image with a blue background. B: Image of berries displayed on a table and with the rachis beside.  

 

Maturation control  

Following veraison (BBCH 83 - June 22), a systematic sampling regimen was established. 

Every Monday, 100 berries were carefully selected for analysis, primarily from an area 

adjacent to the smart point, to prevent a significant reduction of yield in the analyzed vines. 

Nevertheless, samples were also taken directly from the smart point. The berries were 

collected randomly from different parts of bunches located at different parts of the canopy.  

These samples underwent a comprehensive analysis, including measurements of weight, 

must volume, sugar content (Brix), potential alcohol content, pH level, and total acidity, all 

conducted in accordance with the standardized OIV measurement protocols (Curvelo-Garcia,, 

1988). 
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Harvest: 

All the plants were harvested, and a comprehensive assessment was conducted, which 

included counting the number of bunches per plant and measuring their total weight. 

Simultaneously, the harvested bunches underwent a visual analysis for disease infection, 

specifically assessing the intensity of Botrytis infection and its severity. The level of infection 

was expressed as a percentage based on visual observation. Additionally, a visual analysis 

was performed to determine the extent of bird damage, with a focus on bunches where more 

than 50% of the berries were eaten.  

 

Wine analysis: 

Microvinifications were conducted to assess the variability among the wines, one of which was 

derived from grapes grown in the PV plot, while the other was derived from grapes cultivated 

in the control plot. Following the vinification, a 100 ml sample of grape must was collected for 

laboratory analysis to determine the final must parameters. The laboratory analysis included 

measurements of sugar content (Brix), potential alcohol content, pH, and total acidity, in 

accordance with the OIV standard methodology (Curvelo-Garcia, 1988).  After the 

fermentation, a thorough analysis of the wine was conducted in the laboratory. This analysis 

included the measurement of pH, volatile acidity, free and total SO2 (sulfur dioxide), total 

acidity, alcohol content, reducing sugars, and density, all following the established OIV 

methodology.  

 

3.4. Data Analysis:  

For all the parameters analyzed the average and the standard error was calculated for each 

treatment. To obtain a statistical comparison of these parameters an ANOVA (one way) 

statistical test was performed with a significance level of 0.05. In the case of significant 

differences, means were compared using the Tukey Test (using R statistical program RStudio 

Team 2019).  

Regarding the images of canopy porosity taken in the field, a color threshold was used to 

automatically detect the blue background and estimate the blue pixels.  

A color threshold was also used for the images lab bunches.  

Then Image j (Schneider et al., 2012) was used to analyze the canopy porosity and images 

lab bunches. Using a python script, it was calculated the pixels average withing these 

polygons. Furthermore, image analysis using image J and a python script were performed to 

automatically count the number of berries. For the thermography it was selected two polygons 
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for the upper canopy and lower canopy, two polygons for the row and two polygons for the 

inter row (Fig. 11). 

 

 

 

 

 

 

 

 

 

 

4. Results and Discussion 

4.1. Climate characterization 
 

The Portugal climate is classified to be as a Mediterranean climate (csa/ csb) (Köppen, 1936).  

The 2023 season was marked by a dry spring, with only 59 mm of precipitation from March to 

June, and a warm, arid summer, with just 34 mm of precipitation and an average mean 

temperature of 25ºC from June to September (Figure 12). This contrasts with the 2022 season, 

which was the hottest year since 1931 and saw the recording of new absolute maximum 

temperature extremes in Portugal (IPMA, 2023).  

 

Figure 11- Smart point image. Two squares in yellow represent the upper canopy, the blue 
squares the lower canopy, the brown squares were selected in the row and the green 
squares represent the inter row.  
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Figure 12- Data obtained using weather station in the vineyard. Precipitation (mm) and Temperature (°C) values during the 
2023 season, from January until September. Normal temperature values (MTT) from the previous 30 years obtained from 
IPMA (IPMA, 2023).  

 

In contrast to the climatic conditions observed over the preceding three decades, the 

temperatures recorded exhibit values within the expected norms. Specifically, the average 

normal temperature during the winter period hovered around 12ºC, while during the summer 

months, it remained approximately 21ºC. Similarly, the precipitation patterns manifested a 

consistent trend, with the average normal precipitation over the 30-year span amounting to 

approximately 93 mm in winter and approximately 39 mm in summer (Ipma, 2023). Over a 

span of four months (February, may, July and August), Portugal experienced a pronounced 

water deficit, resulting in an accumulated precipitation of merely 93 millimeters. Within this 

context, the distribution of precipitation revealed significant variation across seasons, with 59 

millimeters recorded from March to June and 34 millimeters during the summer months. 

Notably, June emerged as the wettest month, receiving 19.4 millimeters of rainfall (Figure 12). 

In terms of temperature, the average values for spring and summer were recorded at 23ºC 

and 25ºC, respectively. August stood out as the warmest month, registering an average 

temperature of 25ºC and January stood as the coolest month with 12ºC (Figure 12).  

Air temperature is also an important factor for the performance of the PV panels. The 

maximum average temperature reach for 2023 season was 25 ºC and the minimum was 12ºC 

(Figure 12). Solar panels are designed to withstand high temperatures and heat exposure. 

Nevertheless, their efficiency tends to decline with every 1-degree Celsius increase beyond 

25°C. Typically, solar panels are tested at 25°C and their operating temperature can vary 
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between 15°C and 35°C for optimal efficiency. However, under certain conditions, solar panels 

can become as hot as 65°C, significantly diminishing the efficiency of solar cell performance 

(Weselek et al., 2019; Gorjian et al., 2020). 

Solar radiation plays an important role in agrivoltaics, having an impact in the output power of 

PV modules. Solar irradiance denotes the radiant power emitted by the sun per unit area 

reaching a specific surface at a particular angle. This parameter is typically quantified in units 

of watts per square meter (W/m²) or kilowatts per square meter (KW/m²) (Demain et al., 2013; 

Myers et al., 2004; Ramli et al., 2021). High solar radiation levels lead to increased output 

current, resulting in greater power generation. The annual variations in solar irradiance are 

driven by the changing direct distance between the Earth and the Sun. PV module 

specifications provided by manufacturers are typically standardized under test conditions, 

where solar irradiance is assumed to be equal to 1000 W/m². 

 

 

 

Figure 13- Average monthly solar irradiance (pyranometer) values during the season 2023, from January until September. 

 

Figure 13 presents the average monthly solar irradiance measured with a pyranometer at the 

vineyard. The assessment of solar irradiance unveiled interesting patterns throughout the 

year. The month of July recorded the highest solar irradiance levels, reaching 329.61 W/m². 

Conversely, January witnessed the lowest solar radiation levels, (109.01 W/m²). However, it's 

essential to note that these values represent monthly averages, encompassing data from both 
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morning and night periods. In reality,solar irradiance can reach levels of 800-1000 W/m2 

during a typical solar day (Myers et al., 2004).  

The tilt angle and orientation of PV panels are crucial factors to consider. Ramli et al. (2021) 

proposed a novel approach to maximize solar radiation on PV panels by optimizing tilt angles 

at specific intervals. Their research demonstrated that by making more frequent adjustments 

throughout the year, it is possible to achieve better efficiency in capturing maximum solar 

radiation. 

In this thesis, it is not possible to evaluate the difference between the irradiance in each plot 

since the PVs are not yet installed. However, it is relevant to understand the solar radiation 

dynamics throughout the year, in general.  

4.2. Spatial variability 
Before selecting the smart points, a spatial variability analysis was conducted. This involved 

collecting samples from various vines throughout the entire vineyard to create the Kriging map 

(Figure 14). The smart points were then chosen using this Kriging map. To ensure a more 

homogeneous sample, it was decided to select the smart points closest to the photovoltaic 

panels for both plots. The spatial variability of the Encruzado vineyard plot was examined 

concerning the area designated for solar panel installation and the control area (devoid of 

solar panels). In pursuit of this analysis, four strategic sampling points were selected to ensure 

a representative sample. Specifically, four smart points were chosen for both plots, for PV 

(photovoltaic) and for the control group (Figure 14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14- Kriging map regarding the pruning weight for the Encruzado variety at Instituto 
Superior de Agronomia experimental vineyard. The blue square represents the location of the 
future PV structure. The red dots represent the plants of 8 smart points (4 smart points for 
control and PV plots.. Scale of 1:1000. Lisbon, Portugal at 38°42'24.61" N 9°11’05.53" W 
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As can be observed, by the heat map there is a significant spatial variability when considering 

two vigor indicators: pruning weight from 2022 season and trunk diameter measured in March 

of 2023. In Figure 14 It is noticeable that, up to the midpoint of the vineyard, a relatively 

homogeneous area can be observed. However, as we progress toward south, there appears 

to be some vigor variation. It is imperative to consider the vineyard slope. These findings align 

with the patterns observed in Victorino et al. (2017) and Machado et al. (2018). However, it's 

important to note that these studies conducted their analyses across the entire vineyard, rather 

than focusing solely on the areas designated for solar panels. Therefore, these results should 

be viewed as indicators to guide decision-making rather than absolute truths. Due to this, a 

deliberate effort was made to select the most homogeneous smart points with identical 

conditions and characteristics for both treatments, aimed at minimizing the range of spatial 

variability as much as possible.  

4.3. Soil Analysis 
As described in the materials and methods section, soil analyses were conducted in order to 

characterize the soil profile of both study plots. The analyses encompassed the examination 

of soil pH, electrical conductivity (EC), soil texture, macro and micronutrient content, organic 

matter, and cation exchange capacity.  



43 
 

Table 1- Soil Analysis on Encruzado PV and on control. EC: electrical conductivity; OM: organic matter; CEC: cation exchange 
capacity.  

 

 

As shown in Table 1 the soil in the vineyard maintains a neutral pH level of approximately 7. 

However, it's worth noting that the pH levels in the vineyard are slightly elevated, as the 

recommended range for optimal conditions typically falls between 7 and 7.5, as suggested by 

Fernandez-Calviño et al. (2010). Its texture is predominantly clay, which is characterized by a 

high-water retention capacity (Rice, 2002). Notably, both treatments demonstrate very high 

soil fertility levels, according to the thresholds reported in DGPC (2006). Nevertheless, the soil 

in the PV treatment exhibits a notably higher organic matter content, measuring at 5%, in 

contrast to the control group, which registers at 2.9%. It is conceivable that the soil samples 

contained some organic matter from plant debris, possibly due to errors during collection, 

given that a 5% organic matter content is unusually high for soil (Power & Prasad, 1997). As 

a result, it is advisable to conduct a soil analysis again next year, taking this factor into 

consideration and paying closer attention to detail.  Furthermore, when comparing the values 

of micronutrients, the soil shows a lower concentration of B although it still maintains a high 

level of fertility (Pacheco et al., 1990, 2010; Vieira et., 2004). 
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Table 2- Petioles Analysis in cv. Encruzado. The samples were collected on 5th of May (Flowering - BBCH 65) and it was 
selected 2 smart point per plot and per smart point it was collected 50 petioles. N=200. 

 mg/kg 

 NA K Ca Mg P S Fe Cu Zn Mn B 

PV 292,7 11788,6 22222,8 7076,9 6520,5 1777,9 58,6 10,4 52,6 36,8 39,5 

Control 242,9 13194,6 21521,5 6604,1 6738,2 1638,5 38,4 10,5 53,1 31,5 38,3 

 

With respect to leaf petiols analyses (Table 2), the vineyard exhibits high fertility overall. Even 

in instances where more pronounced distinctions exist between the photovoltaic (PV) and 

control zones, the lowest values remain notably elevated, according to the thresholds of DGPC 

(2006). Overall, vineyard fertility does not seem to be a limitation for this trial, with the only 

proposed adjustment being an increase in potassium (K) fertilization. The nutrient, although 

highly present in the soil, does not seem to be fully absorbed by the plants, as shown in the 

petiole analysis. This has to do with the high concentration of magnesium (Mg) in the soil, 

which blocks the absportion of K (Mayland & Wilkinson, 1989). Regardless, a post-harvest 

fertilization with high values of K has been conducted and it should be considered again for 

the next year´s cycle.   

4.4. Weekly monitoring of phenology and vegetative growth 
 

Phenology 

The phenological stage was assessed on a weekly basis to evaluate and determine any 

differences between the vine´s growth. Its important to emphasize that these assessments 

were done through visual observations and weekly pictures of each SP were taken to record 

these observations.  The bud burst started at 6th of March, the flowering stage occured at 26th 

of April (BBCH 61), the veraison happened at 16th of May (BBCH 73), the maturation started 

at 3rd of July (BBCH 85) and the harvest was at 14th of August (Figure 15).  
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Figure 16- Phenological stage of the vineyard analyzed during March until harvest. BCCH scale (Lorenz et al., 1995). 

In general, the phenological growth follows a similar pattern in both plots (Figure 15). However, 

in the initial weeks during bud burst and leaf growth there was a minor delay in the Control 

plot as compared to the PV plot, nevertheless, the phenology progressed similarly for both 

plots until harvest. It is important to emphasize that all phenological stages happened earlier 

compared to previous years due this season conditions and possibly as consequence of 

climate change because of climate change (Fraga et al., 2019a; Malheiro et al., 2010).  

After the installation of PV panels, an increase in the time lag between the plots is expected. 

This can be attributed to shading in the upper section of the vineyards, resulting in a reduction 

of photosynthetically active radiation (PAR) and lower temperatures beneath (Padilla et al., 

2022; Parry et al., 2019). This delay can be expected from budburst and extended to harvest. 

The intention is to mitigate the impact of climate change and attain a more stable and 

consistent ripening process, since a temperature degree difference can be significant (Palliotti 

et al., 2014; Sweetman et al., 2014). 

Shoot length 

The shoot length was also subject to weekly measurements starting from the initial stage of 

leaf growth. Figure 16 presents the results obtained from these measurements.  
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Figure 17- Evolution of the average shoot length along the phenological stages, leaf growth, flowering, pea size, veraison and 
maturation. N= 32.  

In general, the average shoot length exhibited a similar pattern between both plots (PV and 

Control) (Figure 16). During the initial stage, shoot lengths in both plots displayed similar 

intensity, measuring approximately 42 cm. However, as the flowering period commenced, the 

shoots in the Control plot exhibited a trend towards faster growth when compared to those in 

the PV plot, a trend that persisted until the maturation stage. Both sets of shoots reached their 

maximum length during the pea size stage, reaching a peak of approximately 106 cm. Notably, 

it is essential to highlight that between the pea size and veraison stages, the shoots were 

pruned by approximately 20 cm above the last trellis wire, resulting in a reduction in length to 

approximately 90 cm. Despite the very slight differences during the growing period, at harvest, 

no significant differences were found between the two plots. This leads to the conclusion that, 

for this year, the plants displayed uniform vigor, although It's worth mentioning that shoot 

length is just one indicator of vigor. 

4.5. Vegetative development 
Various parameters were meticulously examined to comprehensively assess and understand 

the spatial variability within the vineyard plot, regarding vine vegetative development. This 

encompassed the analysis of leaf area across five distinct phenological stages, as well as the 

assessment of exposed leaf area during four specific stages and canopy porosity at two 

stages. 

Leaf Area 

Leaf area measurements were conducted at the following phenological stages: including leaf 

growth, flowering, pea size, veraison, and maturation. It is noteworthy that there is a consistent 
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trend for the PV plot to exhibit a larger leaf area compared to the control treatment. However, 

this difference is only significant at the pea size stage.  

 

Figure 18- Average ± std error for leaf area per vine measured at different phenological stages during the 2023 growing 
season. ANOVA computed with 95 % level of confidence. Columns with a different letter show a statistically significant 
difference at P < 0.05 by Tukey Test N= 32.  

As depicted in Figure 17, both plots exhibit similar leaf area values throughout all phenological 

stages. Leaf area growth began at the same intensity as shoot length, reaching approximately 

1 m2 during the leaf growth and having a big increase during the flowering reaching 1,5 m2. 

Notably, during the flowering stage there is a tendency for the PV plot to have more leaf area 

becoming significantly different during the pea size stage reaching the PV plot 2,1 m2 of leaf 

area and 1,7 m2 for the control plot. After trimming there was an evident increase of the leaf 

area reaching approximately 4 m2.  As expected, there is a slight decrease during maturation 

stage due to some natural leaf senescence and leaf management, which results in the loss of 

some lower leaves (Fahad et al., 2017; Zhang et al., 2018). 

Exposed Leaf Area 

The assessment of exposed leaf area was conducted during the flowering, pea size, veraison, 

and maturation stages. Overall, both plots displayed a similar exposed leaf area during all 

growth stages, apart from the maturation stage, where a significant higher value was observed 

for the PV plot (Figure 18). 
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Figure 19- Average ± std error values of exposed leaf area calculated for PV plot and control. ANOVA calculated at 95% level 
of confidence. Columns with a different letter show a statistically significant difference at P < 0.05 by Tukey Test. N= 40.  

Following shoot trimming, a reduction in the exposed leaf area was observed for both the PV 

and Control plots. However, it is noteworthy that during the maturation stage, a slight increase 

in the exposed leaf area was specifically observed in the PV plot, while the Control treatment 

did not display a similar increase. There seems to be a tendency for PV to have a higher value 

at maturation. This tendency is also consistent with the leaf area results for PV. When 

compared to the control, PV exhibits a larger leaf area, although this difference is only 

statistically significant during the pea size stage and it only follows a similar pattern during 

maturation. Therefore, it can be deduced that the plants maintain a consistent level of vigor 

and growth rate throughout the season. This also supports the assumption that they are 

probably accessing uniform nutrient level across different sections of the field (Giese et al., 

2020;Martínez-Lüscher & Kurtural, 2021). 

Canopy Porosity 

The porosity of the canopy was also subjected to analysis during the pea size and maturation 

stages (Figure 19). An increase in canopy porosity was observed during the maturation stage.  
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Canopy porosity values were consistent for both treatments, reaching approximately 9% for 

both plots. There is a slight increase for the PV plot although not statically significant. This 

phenomenon can be attributed to several factors, including a higher likelihood of senescence, 

or potential influences from agricultural machinery and pruning practices (Wang et al., 2019). 

These results are slightly below the range for the ideal canopy porosity of 10-20% defined in 

previous research (Diago et al., 2019; Kliewer & Smart, 1989; Wang et al., 2019). The fact that 

no significant differences were found between the plots adds to the previous statement of well-

balanced and consistent plant vigor in both plots.  

All the parameters so far mentioned (shoot length, leaf area, exposed leaf area and canopy 

porosity) can be influenced by the future installation of PV since shading effects may reduce 

the PAR levels and cause a decrease in overall plant vigor and specifically affect vegetative 

growth (Barron-Gafford et al., 2019; Greer & Weedon, 2012, 2013; Padilla et al., 2022). 

However, in the case of canopy porosity, shading may cause plants to post pone the 

senescence to later stages (Qiu et al., 2018; Zha et al., 2022). While there is a possibility of 

reduced vegetative growth (LA and ELA) with the PVs, the opposite is also possible, not solely 

due to PAR but potentially because of reduced water stress (assuming the irrigation system 

remains consistent for both plots) (Guilpart et al., 2014; Schultz, 1996). PV plants might also 

exhibit more vigorous growth as they reach for light, which could lead to increased shoot 

growth (Archer & Strauss, 1989; Greer et al., 2011).  
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 It is essential to note that these results are contingent upon the adjustment of the solar panel 

inclinations to achieve an optimal equilibrium between photosynthetically active radiation 

(PAR), irrigation management and the energy generated, a balance that may vary depending 

on the vineyard's specific location. Some studies have reported that in order to attain this 

optimal equilibrium between PAR and energy yield, it is imperative to conduct regular PAR 

analyses and to monitor the energy production from the photovoltaic (PV) system  (Barron-

Gafford et al., 2019; Malu et al., 2017; Mamun et al., 2022; Padilla et al., 2022; Wang & Sun, 

2018).  

4.6. Plant water status 
The midday stem water potential was measured during the flowering, pea size, veraison and 

maturation stages (Figure 20). It's worth emphasizing that irrigation commenced on the 12th 

of April due to limited precipitation, with only 53 mm of rainfall occurring from January to April. 

In particular, the month of April saw a meager precipitation value of just 12.4 mm (Figure 12). 

Given that bud burst began on the 6th of March, it was imperative to initiate irrigation earlier 

in the 2023 season to meet the vineyard's water needs (Miras-Avalos & Araujo, 2021). 

 

 

Figure 21- Average ± std error for stem water potential obtained at four phenological stages. Analyzed ANOVA calculated 
at 95% level of confidence.  Columns with a different letter show a statistically significant difference at P < 0.05 by Tukey 
Test. N= 16.  Black line as a reference of mild stress.   

 

As observed in Figure 20, there were no significant differences between both treatments, 

indicating that the irrigation in the vineyard was effectively managed and no spatial variability 

regarding the water soil content was observed. The vineyard experienced only mild stress 

during veraison until harvest. These results are in accordance with the irrigation strategy 

(Figure 21). 
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Figure 21 illustrates the progression of soil moisture content throughout the season. It's 

important to note that this data originates from a probe situated in a different section of the 

vineyard, offering a broad overview of the irrigation volume for both plots. In the current year, 

a probe was installed to provide more precise soil water content data for the plots, although 

calibration is still required for accurate results. 

 

Figure 22- Soil moisture indicates total volume water within 60 cm depth which is the sum of water detected by the sensors 
each 10 cm. Line blue is the estimated soil field capacity and the red line represents the inferior limit of the water availability 
for the plants.   

As observed in Figure 21, the vineyard exhibited optimal water conditions during the flowering 

and pea size stages, being in a state of comfort regarding water availability (Choné et al., 

2001). The vineyard experienced only mild water stress throughout the veraison and 

maturation stages, as indicated in Figure 20 and 21. The underlying irrigation strategy aimed 

at maintaining soil water content in a specific range (between both lines of the Figure 21) until 

veraison, at which point a gradual increase in water stress was observed, aligning with the 

trends depicted in Figure 20. It is essential to note that during the harvest period, irrigation 

was suspended and subsequently reinstated in September through post-harvest fertirrigation. 

In accordance with the water potential classes advocated by Choné et al. (2001) and Romero 

et al. (2022) it can be affirmed that the irrigation was effectively established and meticulously 

controlled with the aim of maintaining a controlled water stress deficit. It's essential to note 

that, in pursuit of berry composition and higher acidity, it's important to avoid creating a 

situation of high-water stress in the vineyard. It is widely known that water availability and plant 

water status have a direct impact on grape composition and ripening. Water deficit can 

influence, berry composition, and physiological responses of grapevines, however, the 

specific effects may vary depending on the timing, intensity, and duration of water deficit, as 

well as the grape variety. Conversely, an excess of water content can result in the dilution of 

metabolites, ultimately diminishing grape quality (Alatzas et al., 2021; Palai et al., 2023). 
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In the upcoming year, following the installation of the PV system, the shading effect and the 

humidity beneath the panels are expected to contribute to an improved plant water status. 

Studies have demonstrated that under such conditions, it is possible to achieve water savings 

of approximately 30%, primarily attributable to a reduction in evapotranspiration (Barron-

Gafford et al., 2019b; Ferrara et al., 2023; Sun´Agri, 2021). Hence, it is advisable to conduct 

an analysis of stem water potential and soil moisture during the critical phenological stages 

(leaf growth, flowering, pea size, veraison, and maturation) in the upcoming year. Additionally, 

it is recommended to maintain the same irrigation strategy employed this year to ensure 

controlled water stress. However, it may be necessary to implement distinct irrigation 

strategies between the plots, possibly reducing irrigation for the shaded plants that require 

less water (Ferrara et al., 2023).   

4.7. Gas exchange 
Photosynthesis was measured at pea size, veraison, and maturation phenological stages. The 

photosynthetic rate was highest during the pea size stage and subsequently decreased during 

the veraison and maturation stages. Significant differences between the two plots became 

evident during the latter phenological stages (Figure 22). 

 

The photosynthetic rate was highest during the pea size stage and subsequently decreased 

during the veraison and maturation stages. Significant differences between the photosynthesis 

rate for the two plots became evident during the latter phenological stages (Figure 22). As can 

be observed in Figure 22, the Control vines during veraison and maturation stages exhibited 

a higher photosynthesis rate than the PV ones. However, there were no significant differences 

in SWP between the two plots that could justify this decrease (Figure 20).  After data collection 

and when this trend was identified, a closer look at the data collection activities reveiled one 

problem. Data was collected per row and it happens that all PV smart points are located in the 
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Figure 23- Photosynthesis analysis results for PV and Control plots. ANOVA calculated at 95% level of confidence. Columns 
with a different letter show a statistically significant difference at P < 0.05 by Tukey Test. N= 16.  
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first rows of Encruzado (Figure 14). This meant that during the first hour, all gas exchange 

data was collected from most PV plots and only after that were the control plots analyzed. 

During this time, a lot of changes can happen to weather conditions, including sudden changes 

of radiation. It is clear that this was an experimental problem induced by human error and 

should be avoided next year, by mixing the SP of each plot during data collection.  

As a result, it is advisable for the upcoming year to measure the photosynthesis rate alternately 

at one PV smart point and one Control smart point at the same hour. This will help eliminate 

this hypothesis and ensure a more consistent sample.  

Similarly, the stomatal conductance (gs) parameter exhibited a similar pattern, with higher 

values observed during the pea size stage and lower values during the veraison and 

maturation stages (Figure 23). These reductions were significant and marked differences 

emerged between the two treatments during the maturation.  

 

 

 

 

 

 

 

 

Figure 24- Stomatal conductance measurements on, PV and Control plots. ANOVA calculated at 95% level of confidence. 
Columns with a different letter show a statistically significant difference at P < 0.05 by Tukey Test.  N= 16.  

 

In general, these results concerning photosynthesis rates (Figure 22) and stomatal 

conductance (Figure 23) align with the well-established understanding that increased water 

stress typically results in a decrease in stomatal conductance and, consequently, in 

photosynthetic rate. Under conditions of high solar irradiation, elevated temperatures and 

water stress, there is a reduction in stomatal conductance as the stomata close to minimize 

leaf water loss, reduce evapotranspiration, and maintain gas exchange equilibrium (Maroco 

et al., 2002; Schultz, 1996; Sharma et al., 2020).  
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Studies conducted with vineyard PV trials have demonstrated a decrease in photosynthesis 

rates and evapotranspiration due to the shading effect (Ferrara et al., 2023; Sun´Agri, 2021). 

Shading can lead to stomatal closure, potentially leading to a decreased in stomatal 

conductance levels in the PV plots compared to the control plot. Previous studies have 

confirmed that plants adjusting their stomatal aperture to optimum are mainly affected by three 

environmental factors: photosynthesis active radiation (PAR), vapor pressure deficit (VPD) 

and temperature (Chaves et al., 2016; Han et al., 2022). Reduced temperatures under the 

panels might affect the stomatal behavior  (Ferrara et al., 2023). Also, Ferrara et al. (2023) 

using solar panels in the vineyard has observed a decrease in the stomatal vapor pressure 

deficit (VPD) values. This reduction in VPD values stands as a clear indicator of a reduction 

in both photosynthetic and transpiration rates. This phenomenon is attributed to the reduction 

in temperatures and with an augmentation in humidity levels beneath the solar panels. 

Therefore, it is important for the next year to monitor at key moments of the plant development 

(flowering, pea size, veraison, maturation), regarding the angles of the solar panels, since it is 

likely that these physiological parameters will be affected (Chaves et al., 2016; Lu et al., 2021).  

Hence, it is crucial to avoid the error of concentrating the timing of analyses solely in one plot 

and then shifting to the other plot. 

4.8. Canopy and soil temperature 
To determine the temperature of the grapevines in the upper canopy, lower canopy, in the 

inter-row and in the row, thermography was conducted at the following phenological stages: 

pea size, veraison and maturation. Figure 24 presents the results obtained from this analysis.  
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Figure 25- Average and standard error of upper (A) and lower canopy (B) and soil (C – interrow; D - Row) temperature values 
at different phenological stages. Values obtained between 13h and 15h using a thermal camera. ANOVA calculated at 95% 
level of confidence. Columns with a different letter show a statistically significant difference at P < 0.05 by Tukey Test.  N= 8. 

As depicted in Figure 24 (A, B), no significant differences in canopy temperature are evident 

between the two plots treatments. The maximum average temperature recorded was during 

the maturation stage, in PV plot at 28.8°C. Furthermore, the lower canopy exhibits higher 

temperatures as compared to the upper canopy due to its proximity to the soil which is warmer 

than the canopy.  

In the case of inter-row soil temperatures, no significant differences were observed between 

treatments (Figure 24C). The highest average temperature recorded during this stage was 

37.2°C. 

Regarding the soil temperature in the row, significant differences between treatments were 

only observed during the maturation stage (Figure 24D). This variation may be attributed to 

the time difference in data collection and analysis. Specifically, observations for Encruzado 

PV plot were initially analyzed, followed by the control plot, as explained in the previous 

chapter and should be reviewed next year. Based on these findings, it is imperative to consider 

synchronizing data collection times for future analyses, or alternatively, conducting analyses 

alternatively by treatment rather than by row. Notably, the maximum average temperature 

recorded was during the maturation stage, specifically reaching 34.1°C for the Control plot. 
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In summary, for lower canopy, upper canopy and inter-row parameters, no statistically 

significant differences were found between the two plots.  

The temperatures observed fall within the range of temperatures (12-35°C) conducive to the 

favorable development of the grapevines (Gladstones, 2011). Additionally, as indicated in the 

figures depicting photosynthesis rate and stomatal conductance, there were no instances of 

stomatal closure and cessation of photosynthesis. Furthermore, the irrigation proceeded 

according to plan, with only a mild stress observed towards the end, which aligns with the 

recommended practice for white grape varieties (Alatzas et al., 2021). 

Considering the canopy temperature, it's noteworthy that higher temperatures were recorded 

in the lower canopy compared to the upper canopy. However, this dynamic could potentially 

change with the introduction of PV panels, which may have a cooling effect and could 

potentially lead to a more balanced temperature distribution between the upper and lower 

canopy (Ferrara et al., 2023). This is particularly significant as, in vertically shoot positioning 

training systems, the lower canopy corresponds to the fruit zone. Furthermore, for white grape 

varieties, achieving optimal acidity levels is generally favored in regions with higher latitudes 

and moderate temperatures, as this helps to enhance acid concentration (Mansour et al., 

2022). Hence, it is strongly advisable to conduct a comprehensive analysis in the forthcoming 

year encompassing the assessment of upper canopy, lower canopy, inter-row, and row 

thermography in both plots. This analysis is intended to corroborate and establish a 

comparative evaluation of the observed reductions in temperature and the ensuing 

homogenizing effects within the photovoltaic (PV) plot. 

4.9. Yield and yield components at harvest 
 

Lab Analysis of individual bunches 

Before harvest, one random bunch per plant was collected and taken to the lab for detailed 

analysis as described in the materials and methods section. Figure 25 presents the results 

obtained from this analysis.  
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Figure 26- Average of (A) number of berries and number of ramifications (B) rachis length (C) Rachis weight (D) Bunch 
weight (E)Average berry weight for Encruzado PV and Control. ANOVA calculated at 95% level of confidence. Columns with 
a different letter show a statistically significant difference at P < 0.05 by Tukey Test. N= 40.  

As depicted in Figure 25, it's worth noting that the PV vines displayed a lower number of 

berries per bunch, totaling 105, in contrast to the Control ones which had 131 berries per 

bunch (Figure 25A). However, this result is not statistically significant. Furthermore, it 

corresponds with the longer rachis length observed, with the PV obtaining 10.23 cm and the 

control obtaining 12.3 cm (Figure 25B). 

Overall, there is a tendency for bigger bunches, with a higher number of berries for the control, 

but it only became statistically significant for the rachis length. Indeed, the control plot 

exhibited a tendency to have a higher number of rachis ramifications (Figure 25A), resulting 

in a greater number of berries. Furthermore, it corresponds with the longer rachis length 

observed (Figure 25B), which, in turn, contributes to a higher berry weight (Figure 25E). The 

rachis length depends not only on plant physiology but also on the meteorological conditions 
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of the year before, specifically, on the temperature and radiation during the inflorescence 

differentiation of the previous year (Gourieroux et al., 2017). 

The installation of agrivoltaic (AV) systems will indeed reduce direct solar radiation reaching 

the vineyard and subsequently lower the canopy temperature (Ferrara et al., 2023; Padilla et 

al., 2022). Therefore, in the second year of solar panels, it is expected to observe a reduction 

in berry size and weight. Due to this, it is necessary to be vigilant, especially in the second 

year, as there may be a carry-over effect, reducing the rachis length and, consequently, the 

number of ramifications during berry development from the previous year. 

Harvest results 

To determine the vineyard's productivity, the yield was calculated by considering the number 

of berries and the number of bunches.  

 

Figure 27- (A) Average yield for Encruzado PV and Control.  ANOVA calculated at 95% level of confidence. Columns with a 
different letter show a statistically significant difference at P < 0.05 by Tukey Test. N= 40. (B) Yield values per plant of each 
plot. 

 

As depicted in Figure 26 (A) the mean yield per vine recorded was 2.1 Kg for the PV plot and 

2.6 Kg for the Control plot. Notably, the Control treatment exhibited a marginally yield by 0.5 

Kg compared to the PV plot; however, it is essential to underscore that this disparity lacks 

statistical significance. In relation to the smart point results, within the PV plot, the highest 

recorded yield was documented at the initial smart point, achieving a value of 3.2 kg, while the 

lowest yield was observed at the fourth smart point, registering at 1.4 kg. On the other hand, 

within the Control plot, the maximum yield was documented at the second smart point, 

reaching 3.6 kg, while the minimum yield was recorded at the fourth smart point, amounting 

to 1.9 kg. As discerned from Figure 26 (B), it is evident that some variances exist among the 

plants within the respective plots. It is imperative to recognize that a degree of variation among 
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the plants within the smart point is inherent, largely due to some distinct physiological and 

microclimatic conditions existing within each individual plant (Diago et al., 2019; Smart, 1985; 

Victorino, 2023). Although, it is imperative to emphasize that these distinctions do not attain 

statistical significance, because ultimately, the aggregate yield averages remain statically 

similar for both plots.  

The same trend is observed for the number of bunches since there were no significant 

differences observed, with the PV plants showing an average of 17 clusters and the control 

plot 18 clusters (Figure 27).  

 

 

Figure 28- (A) Average of number of bunches for Encruzado PV and Control.  ANOVA calculated at 95% level of confidence. 
Columns with a different letter show a statistically significant difference at P < 0.05 by Tukey Test. N=40 (B) Number of 
bunches per plant of both plots, PV and Control. 

 

Specifically, in the PV plot, among 18 bunches examined, 9 exhibited parts of damage, either 

from bird bites or fungal infections (Figure 28A). Of these 9 bunches, 2 had sustained damage 

exceeding 50% due to bird bites (Figure 28C). The intensity of the attack on the Encruzado 

grape variety was measured in total including the two plots at 60%, where the PV plot exhibited 

26% and the control plot exhibited 34% (Figure 28B).   
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Figure 29- (A) Average of number of bunches and  bunches affected from fungal diseases and bird bite (bunches with more 
50% eaten) and (B) the intensity of the attack for Encruzado PV and control.  ANOVA calculated at 95% level of confidence. 
Columns with a different letter show a statistically significant difference at P < 0.05 by Tukey Test. N= 40. 

These results underscore the susceptibility of the Encruzado grape variety to fungal diseases, 

particularly Botrytis, primarily due to the compact structure of its grape clusters (Figure 10A of 

Materials and Methods) (Alonso-Villaverde et al., 2008; Savage, 1984; Vail et al., 1998). Due 

to this, underscore, for the next year with the PV installed in the vineyard, the imperative for 

ongoing vigilance and potential modifications to the PV panel configuration. One prospective 

approach may entail permitting partial sunlight penetration into the vineyard during the day 

while concurrently reducing humidity levels (Ferrara et al., 2023; Padilla et al., 2022).  

In future, it is imperative to consider the installation of PV panels, as they may potentially 

enhance yield production by offering protection against sunburn. However, considering the 

vigor results indicating that the PV plot exhibit higher vigor, it is plausible that solar panels 

could have an amplifying effect on this feature. Consequently, it becomes imperative to 

implement a rigorous monitoring and adjustment protocol for the solar panels, considering the 

prevailing vineyard conditions and the observed vigor tendency. Moreover, considering that 

over 50% of the grape bunches were affected by botrytis, it underscores the critical importance 

of maintaining vigilance regarding the risk of fungal diseases. This necessitates an ongoing 

regimen of monitoring and adapting the placement of the panels to accommodate the specific 

conditions.  
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Overall, considering the vegetative and reproductive parameters, a discernible pattern 

emerges in which the PV plot exhibits higher vegetative growth, higher vigor, and therefore a 

lower yield when compared to the Control plot. The utilization of PV panels may decrease 

even more the yield in the future as observed by (Ferrara et al., 2023). Hence, for the next 

year, vineyard management practices to reduce the plant vigor, such us shoot trimming and 

leaf removal (defoliation), are recommended to achieve a balance between vegetative and 

reproductive growth, a balance between vigor and yield (Basile et al., 2015; Palliotti et al., 

2014; Wang et al., 2019). However, an opposite effect may occur. It could be attributed to a 

reduction in vegetative growth in the PV treatment, while concurrently enhancing the tendency 

for increased rachis and subsequently boosting yield. Oliveira et al. (2014) studied the shading 

effect in yield. Shaded grapevine rows with a double-layered white plastic netting on their 

south-facing side, from the ground to about 20 cm above the cluster zone. It was found that 

partial shading of the grapevine canopy significantly increased yield while not significantly 

altering must characteristics. The research suggests that partial shading of the fruiting zone 

can be a potentially cost-effective method to control excessive radiation in vineyards and 

reduce yield losses attributable to excessive radiation. However, PV shading is not exclusive 

to the ripening phase, but during the whole cycle of the vine. As stated before, carry-over 

effects may happen that go beyond what was studied in Oliveira et al. (2014).  

Hence, drawing from the insights provided by prior research studies (Ferrara et al., 2023; 

Oliveira et al., 2014) in conjunction with the findings derived from the present year 

observations, it is strongly recommended that in the forthcoming year to the installation of PV 

panels, an ongoing program of monitoring and analysis concerning vegetative and 

reproductive parameters be diligently maintained. The outcomes of the next year´s 

investigation, assuming that the panels will affect the yield, should then guide the 

implementation of adaptive measures in vineyard canopy management and the tilt positioning 

of the solar panels at crucial development stages (leaf growth, flowering, pea size, veraison 

and maturation). This proactive approach will be essential to effectively attain a state of 

balance between vineyard yield and vigor.  

4.10. Berry composition and wine quality 
 

Maturation control 

The analysis of grape berries was conducted during the whole ripening period, to monitor the 

maturation progress of the berries, encompassing aspects such as sugar content (Brix), the 

probable alcohol, the total acidity (g/L tartaric acid), the PH and berries health status. This 

analysis facilitates meticulous control of berry maturation, with the goal of determining the 
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optimal harvest date based on the desired wine type to be produced. According to the analysis, 

the harvest was scheduled for 14th of August. Figure 29 presents the maturation curves of 

both plots, along the ripening period.  

 

Figure 30- Maturation curves obtained from the weekly control analysis on 100 berries of Encruzado. Between the 17th of July 
until the 7th of August. Total Acidity (A);  the berry size (B), °Brix (C);  Probable alcohol strength (D) and  pH (E). 

As depicted in Figure 29, the evolution of the berry ripening was constant until harvest, despite 

that there is a tendency for PV to be a little earlier in ripening than the control. Overall, the 

ripening proceeded normally (Greer & Weedon, 2013; Kuhn et al., 2014; Palliotti et al., 2014). 

Regarding berry size (Figure 29B), from July 17th to July 25th, both plots exhibited a 

consistent pattern of development. However, between July 25th and August 4th, the control 

plot displayed an increase in berry size when compared to the PV plot. Notably, the most 

significant disparity was recorded on July 31st, with the control plot producing berries weighing 

234 g, while the PV plot had a slightly decreased with berries weighing 190 g. By August 4th, 

both plots had converged to the same berry size. Ultimately, at the final harvest, the PV plot 
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presented berries of greater size in comparison to the control plot, with 223 g and 179,4 g 

respectively. It is possible to observe an increase in berry size in one week followed by a 

decrease in the next week during berry ripening.  

As observed in Figure 29 (A) and as summarized in Table 3, when examining the total acidity 

levels, a subtle inclination is discerned, with the PV plot exhibiting a slightly lower acidity 

content than the control plot. Specifically, the PV plot recorded 5.78 g/L of tartaric acid, 

whereas the control plot registered 6.29 g/L of tartaric acid. It is noteworthy that both values 

fall within the range of parameters established (≥3.5 g/L, IVV) (OIV, 2021), although being 

elevated. Furthermore, these acidity values align with the pH analysis (Figure 29E and Table 

3), where both plots displayed congruent trends. The study culminated in a pH of 3.22 for the 

control and 3.30 for the PV. Once more, these pH values are consistent with the range of 

parameters specified, falling within the interval of 3.0 to 3.6 (IVV, OIV, 2021). In relation to 

sugar content and the likely alcohol concentration, as indicated by the results presented in 

Figure 29 (C, D) and summarized in Table 3, both the Control and PV plots exhibited parallel 

patterns of development, culminating with sugar levels of 21.4 and 22.1 ºBrix for Control and 

PV, respectively. These values correspond to an alcohol content of 13.4% vol. for Control and 

13.8% vol. for PV, indicating that the berries were delayed harvests as a strategy of the 

winemaker (Ristic et al., 2016; Kliewer, 1967). It is noteworthy that these values are relatively 

high, particularly when considering white grapes. However, in the context of the elevated 

temperatures recorded during the summer months, particularly in July and August, where the 

maximum temperature reached was 33, 33ºC and the minimum was 15ºC, these outcomes 

are not atypical (Fraga et al., 2012, 2016;Rodrigues et al., 2022). The notable increase in 

sugar content can be attributed to high temperatures experienced, which, in turn, enhanced 

the metabolic activity of sugars within the grapes. Consequently, as temperatures rise, the 

sugar content of grapes also increases. (Greer & Weedon, 2013; Martínez-Lüscher et al., 

2016; Van Leeuwen & Darriet, 2016;Venios et al., 2020).  

It is important to mention that an ANOVA was not conducted on this data and the variability of 

the results may be due to the fact that only one sample of 100 berries per plot was collected. 

This was done to reduce the destructive aspect of this weekly sampling but should be 

reconsidered next year. A higher number of samples collected on each date would allow a 

statistical analysis to discern whether these variations are merely the result of random 

sampling or if they indeed represent genuine differences between the plots.  
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Must and wine analysis 

After harvest, and as described in the materials and methods section, a micro vinification was 

conducted for each plot. Table 3 presents the results of the must analysis on the day of this 

vinification.  

Table 3- Must from berries harvest analysis regarding the brix, the alcohol strength, the pH, the total acidity, the 
assimilated nitrogen, the density, and the temperature. 

Plot Harvest  
Quantity 

(Kg) 
Brix 
(%) 

Alcohol 
strength by 

volume 
(%vol.) 

pH 

Total 
Acidity 

(g Tartaric 
acid/L) 

Assimilated 
Nitrogen (mg/L) 

Control 2023-08-14 52,0 21,4 13,4 3,22 6,26 91,88 

PV 2023-08-14 40,0 22,1 13,8 3,30 5,78 105,00 

 

As depicted in Table 3, there is a marginal increase in yield per vine in the control plot, which 

aligns with the findings of the laboratory analysis, suggesting a slight preference for larger 

grape bunches in this plot. No significant disparities are observed in terms of Brix levels, 

alcohol content, or pH. In summary, these outcomes are congruent with the data from the 

most recent berry analysis date (Figure 29). 

In the context of winemaking, nitrogen assumes a critical role in the progression of 

microorganisms and the alcoholic fermentation process. This is attributed to the utilization of 

NH4+ in the synthesis of amino acids, which are indispensable for the protein formation 

necessary for alcoholic fermentation. (Mendes-Ferreira et al., 2011). As evident from Table 3, 

the assimilated nitrogen levels fall within the recommended parameters, taking into 

consideration both the alcohol content and the sugar content in degrees Brix (OIV guidelines). 

Notably, assimilated nitrogen serves as a valuable indicator of vineyard fertilization practices, 

as it is both influenced by and dependent upon these practices (Dienes-Nagy et al., 2020). 

In summary, upon assessing the maturation control results (Figure 32) and the analysis of the 

must obtained from the harvested berries (Table 3), it is evident that there are minimal 

variations between the PV and Control plots. This minimal variation holds true, particularly 

when considering parameters such as berry size and total acidity. However, as stated for the 

berry analysis, as there was only 1 micro vinification per plot, an ANOVA was not possibly to 

compute to confirm these differences.   

After alcoholic fermentation, an analysis was performed on various parameters, including pH, 

volatile acidity, Free SO2, Total SO2, Total Acidity, alcohol at 20ºC, reducing sugars, and the 

final density. Table 4 presents the results obtained from this analysis.  
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Table 4- Wine analysis results. It was analyzed the pH, the volatile acidity, free SO2, Total SO2, the Total Acidity, the Alcohol 
at 20°C, reducing sugars concentration and the final density after fermentation. 

Date Plot pH 

Volatile 
Acidity 

(g/L 
acetic 
acid) 

Free 
SO2 

Total 
SO2 

Total 
Acidity 

(g/L 
Tartaric 

acid) 

Alcohol 
at 20°C 
(% vol.) 

Reducing 
sugars 

(g/L) 

Observations 
 

31-08-

23 

Control 3,28 0,39 20 56 7,69 13,2 1,3 Dens-993; 24°C 

31-08-

23 

PV 3,33 0,37 26 66 7,16 13,6 1,1 Dens-992; 24°C 

 

Although some slight differences can be observed, none of them appear to be significant, 

indicating that both wines present very similar characteristics overall and that there is no 

vineyard spatial effect on the end result.  

There were no differences between both treatments and overall, both wines demonstrated 

similar analytical characteristics (Table 4). The wines are well-preserved, indicated by their 

high alcohol content, adequate pH values, concentration of sulfur dioxide (SO2) and a low 

concentration of reducing sugars.  In accordance, the pH value falls within the parameters set 

by the OIV. To prevent favorable conditions for acetic bacteria, it is recommended that the 

wine's pH remains within the range of 3.0 to 3.6 (Joyeux et al., 1984; OIV, 2021). Furthermore, 

these wines exhibit elevated acidity levels. It's noteworthy that the acidity concentration 

increased during the fermentation process. While this phenomenon is relatively rare, it can 

occur as a result of the yeast releasing compounds such as succinic acid, fumaric acid, and 

others during fermentation (Thoukis et al., 1965). The volatile acidity is also quite high for this 

kind of micro vinification, normally these values are found in regular vinification (Ribéreau-

Guyon et al., 2006; Zoecklein et al., 1995; OIV, 2021). However, the wine is well-protected, 

as evidenced by the high levels of molecular SO2, as well as total and free sulfur dioxide (OIV, 

2021; Ribéreau-Guyot et al., 2006). Therefore, even if it has a high acidity, pH and volatile 

acidity, the wine is well conserved from microbiological risks due to the concentration of 

sulfurous (Joyeux et al., 1984; Ribéreau-Guyot et al., 2006; OIV, 2021; IVV). 

In the forthcoming years, with the installation of the agrivoltaic system, it is anticipated that 

there will be an impact on the grape characteristics of both plots, as indicated by prior research 

(Ferrara et al., 2023; Sun´Agri, 2021). It is expected that changes in berry composition will 

occur between the two plots. However, predicting the extent of these changes remains 

challenging, primarily due to the influence of various factors. These factors encompass 

meteorological conditions, nutrient availability, and irrigation practices from the preceding year 
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and the subsequent year (Bergqvist et al., 2001; Neethling et al., 2012; Ollé et al., 2011; 

Serrano et al., 2017). Although, for the upcoming year, assuming equal water availability in 

both plots, two hypothetical scenarios could unfold. In one scenario, owing to the shading 

effect of the PV system, there exists the possibility of reduced berry size in the PV plot, from 

a reduced photosynthetic activity. This, in turn, could potentially lead to a decrease in yield 

production, as documented by Ferrara et al. (2023). Conversely, another scenario may unfold, 

where the elevated water availability and air humidity levels beneath the PV system result in 

reduced transpiration rates, potentially leading to an increase in berry size. The expansion in 

berry size can be linked to the elevated water content within the grapes, resulting in a dilution 

of metabolites (Omer et al., 2022; Guilpart et al., 2014; Intrigliolo et al., 2012; Miras-Avalos & 

Araujo, 2021; Schultz, 1996).  

Additionally, shading may play a role in decelerating the maturation process and potentially 

contribute to a reduction in malic acid respiration. This, in turn, can lead to an increase in total 

acidity levels and, consequently a lower pH as suggested by Ferrara et al. (2023). In addition, 

a study carried out in France, involving the implementation of agrivoltaic systems in vineyards, 

documented an increase in acidity (Sun´Agri, 2021).  Moreover, a reduction in photosynthesis 

may lead to decreased grape sugar synthesis, consequently reducing the sugar content and, 

subsequently, the alcohol content of the must (Buesa et al., 2023; Ferrara et al., 2023). Cooler 

temperatures can slow down the metabolic processes within the berries. This deceleration 

may hinder the accumulation of sugars and other compounds responsible for berry growth 

(Serrano et al., 2017).  

Regarding the sensory organoleptic qualities of the wine, there is a possibility of enhancement 

in the wine's aromas, particularly in white wine, which tends to exhibit a higher concentration 

of volatile organic compounds (VOCs) responsible for its aromatic profile. The concentration 

of VOCs in grapes is contingent on factors such as temperature, solar irradiation, and the 

water status of the vine.  Palai et al., (2023) investigated the impact of different timing and 

intensity of water deficit on volatile organic compounds (VOCs) concentration in Sangiovese 

grapevines and found that berries from water-stressed vines during the lag phase or from 

veraison through harvest had higher total VOC concentrations. On the other hand, berries 

from vines subjected to water deficit post-veraison had higher free VOCs. Furthermore, 

studies using shading techniques have reported an increase in wine acidity, consequently 

contributing to an improvement in the wine´s aromatic profile (Buesa et al., 2023; Sun´Agri, 

2021).  

In summary, no relevant differences were observed between the two plots. Regarding the 

topics discussed, it is highly recommended to conduct a similar set of analysis in the upcoming 
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year, encompassing climate and soil assessments, vegetative and reproductive growth, as 

well as berry composition. Furthermore, it would be advantageous to monitor and compare 

instances of sunburned leaves and berries between the two plots, with a focus on evaluating 

their influence on yield. Additionally, investigating the sensory attributes of the wine, 

particularly the aroma profile, can be important to comprehending the impact of the 

photovoltaic panels on both vine and wine quality. Indeed, these efforts should be directed 

towards to understand how this variability manifests and then strategically leverage these 

differences or adapt management practices to address any negative parameters in order to 

optimize vineyard performance within agrivoltaic systems. This approach is consistently in the 

principle that agricultural aspects should take precedence over energy production. In this 

context, the presence of panels equipped with adjustable inclinations can be considered a 

valuable tool for precision vineyard management, holding interest to the sector.   

5. Conclusion 
The main aim of this study was to evaluate the overall vineyard spatial variability and examine 

the designated smart points within both the PV and control plots. This preparation is essential 

for the forthcoming experiment, which aligns with the first year of the PV installation and 

demands uniform sample conditions.  

The phenological progression of both plots remained consistent up to the harvest. No 

significant differences were evident between the two plots, regarding vegetative growth, 

however, a small trend for higher vigor was found for the PV plot. In terms of water availability, 

mild stress conditions were observed during veraison and persisted until harvest for both plots. 

No significant differences in SWP were found between the two plots. Regarding physiological 

parameters, some differences were found for photosynthesis activity and stomatal 

conductance, however it is possible that these differences are a result of human error and not 

plant performance. A review of the data collection timing is suggested for the next year. A 

slightly tendency for a higher number of berries, and consequently, larger bunches, was found 

for the control plot. However, no significant differences were found regarding yield and the 

incidence of diseases and bird damage, between the two plots. Finally, there were minimal 

variations in must and wine quality characteristics between the two treatments, indicating that 

both plots exhibited similar end results.  

Considering that the installation of future solar panels is expected to alter air temperatures 

and humidity beneath the panels, it is crucial to recognize that the Encruzado variety, known 

for its compact clusters, will possibly become more susceptible to botrytis under these 

conditions. Given the intensity of botrytis analyzed in this study, it is highly recommended to 
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maintain a daily monitoring regimen of the canopy microclimate. Furthermore, future work 

should include the assessment of sunburned leaves and berries (at the occurrence of heat 

waves) and the aroma profile of the wine, with the aim of evaluating the photovoltaic impact 

on both the vineyard and wine quality.  

In conclusion, despite the presence of variations between the plots, the disparities observed 

in this study do not pose a limitation to the trial. This affirm that the selection of smart points 

for both plots was effectively carried out to ensure fair comparison of plants for a future 

agrivoltaic system.  
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7. Annexes 
 

Table 5- ANOVA results obtained for the vegetative parameters data shown on chapter 4.4,  4.5, 4.6 and 4.7 results where 
each parameter was compared between PV and Control for the Encruzado variety at different phenological stages. Df  
(Degrees of freedom), Sum, Sq Mean (Mean square), Sq F value, Pr (> F) (P-value).  The parameters analyzed were LA (Leaf 
area), ELA (Exposed leaf area), Porosity, SWP (Stem water potential), Photo (Photosynthesis rate), Cond (Stomatal 
conductance).  

Parameter Variety Stage Df Sum Sq Mean Sq F value Pr (>F) 
Shoot length Encruzado Maturation 1 400 399.6 1.489 0.232 
LA Encruzado Leaf Grow 1 0.0265 0.02647 1.151 0.292 
LA Encruzado Flowering 1 0.251 0.2507 1.774 0.193 
LA Encruzado Pea Size 1 1.094 1.0944 4.27 0.0475 * 
LA Encruzado Veraison 1 1 1.258 1.2584 2.348 0.136 
LA Encruzado Maturation 1 1.77 1.7696 4.092 0.0521 
ELA Encruzado Flowering 1 260 260.1 1.884 0.178 
ELA Encruzado Pea Size 1 6 6.01 0.029 0.865 
ELA Encruzado Veraison 1 1 3.2 3.22 0.096 0.759 
ELA Encruzado Maturation 1 274.3 274.31 5.724 0.0218* 
Porosity Encruzado Pea Size 1 0.0 0.014 0.001 0.981 
Porosity Encruzado Maturation  1 19.7 19.73 0.706 0.406 
SWP Encruzado Flowering 1 0.766 0.7656 3.09 0.101 
SWP Encruzado Pea Size 1 0.0625 0.0625 0.504 0.49 
SWP Encruzado Veraison 1 1 0.303 0.3025 1.194 0.293 
SWP Encruzado Maturation 1 0.016 0.0156 0.024 0.88 
Photo Encruzado Pea Size 1 1.56 1.562 0.123 0.731 
Photo Encruzado Veraison 1 1 136 135.98 4.646 0.0375* 
Photo Encruzado Maturation 1 505.3 505.3 41.56 1.39e-07*** 
Cond Encruzado Pea Size 1 0.00017 0.000169 0.067 0.8 
Cond Encruzado Veraison 1 1 0.00002 0.0000197 0.009 0.924 
Cond Encruzado Maturation 1 0.01330 0.013297 11.67 0.00152*** 
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Table 6- ANOVA results obtained for the thermography parameters data shown on chapter 4.8 results where each parameter 
was compared between PV and Control for the Encruzado variety at different phenological stages. Df  (Degrees of freedom), 
Sum, Sq Mean (Mean square), Sq F value, Pr (> F) (P-value).  The parameters analyzed were The temperature of the lower 
canopy (LC), upper canopy (UC) and the Row and Inter row temperature.  

Parameter Variety Stage Df Sum Sq Mean Sq F value Pr (>F) 
Thermography (Lower canopy- LC) Encruzado Pea size 1 0.315 0.3152 0.196 0.665 
Thermography (Lower canopy- LC) Encruzado Veraison 1 22.49 22.49 4.052 0.0638 
Thermography (Lower canopy- LC) Encruzado Maturation 1 4.119 4.119 3.876 0.0691 
Thermography (Upper canopy- UC) Encruzado Pea size 1 1.683 1.6830 1.789 0.202 
Thermography (Upper canopy- UC) Encruzado Veraison 1 10.71 10.708 2.685 0.124 
Thermography (Upper canopy- UC) Encruzado Maturation 1 4.254 4.254 3.169 0.0967 
Thermography (Row) Encruzado Pea size 1 20.23 20.231 2.087 0.171 
Thermography (Row) Encruzado Veraison 1 12.05 12.045 3.732 0.0739 
Thermography (Row) Encruzado Maturation 1 46.02 46.02 8.527 0.0112 * 
Thermography (Inter row) Encruzado Pea size 1 6.8 6.82 0.18 0.678 
Thermography (Inter row) Encruzado Veraison 1 3.48 3.483 0.407 0.534 
Thermography (Inter row) Encruzado Maturation 1 10.42 10.42 0.669 0.427 

 

 

Table 7- ANOVA results obtained for the yield and yield components data shown on chapter 4.9  results where each parameter 
was compared between PV and Control for the Encruzado variety at different phenological stages. Df  (Degrees of freedom), 
Sum, Sq Mean (Mean square), Sq F value, Pr (> F) (P-value).   

Parameter Variety Df Sum Sq Mean Sq F value Pr (>F) 
Yield Encruzado 1 2.84 2.8356 2.843 0.1 
Bunches Encruzado 1 9 9.025 0.414 0.524 
Bunch Weight  Encruzado 1 8114 8114 1.09 0.303 
Bunches affected Encruzado 1 1.6 1.6 0.056 0.815 
Intensity Encruzado 1 0.0011 0.00113 0.019 0.89 
Bunches more than 50% eaten Encruzado 1 0.817 0.8167 1.17 0.311 
Rachis Weight Encruzado 1 11.2 11.17 0.806 0.375 
Rachis length Encruzado 1 31.87 31.87 5.573 0.0238 * 
Ramifications Encruzado 1 17.79 17.789 3.266 0.0791 
Berries Encruzado 1 6838 6838 3.293 0.0775 
Berry Weight Encruzado 1 7538 7538 1.072 0.307 
Lost Yield Encruzado 1 0.022 0.0219 0.034 0.855 

 


