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ABSTRACT 
 
 
 

SILVA, Jefferson Rangel da; D.Sc.; Universidade Estadual do Norte Fluminense 
Darcy Ribeiro; November 2017; Interactive effects of deficit irrigation 
techniques and both elevated CO2 concentration under controlled conditions 
and transparent plastic cover in the field on physiological aspects of 
grapevines (Vitis labrusca); Advisor: Prof. Eliemar Campostrini; Co-Advisor: Prof. 
Kevin Lee Griffin. 
 

Two experiments were designed to study important growth and 

physiological traits in grapevines (Vitis labrusca) cultivated under both controlled 

and field conditions. We aimed to investigate the interactive effects of deficit 

irrigation and both elevated CO2 concentration [CO2] under controlled conditions 

and transparent plastic covering (TPC) in the tropics. In the first experiment (chapter 

1), three water management treatments were applied [full-irrigated (FI) - both sides 

of the rootzone were irrigated to saturation; partial root-zone drying (PRD) - only one 

side of the rootzone was irrigated to saturation; and non-irrigated - irrigation was 

suspended on both sides of the rootzone] in each of two 1.4 m2 growth chambers, 

each one with different [CO2] (400 ppm or 800 ppm). Likewise, in the second 

experiment (chapter 2), three water management techniques were applied in 

tropically grown grapevines [FI - 100% of the crop evapotranspiration (ETc) was 

supplied to both sides of the root system; regulated deficit irrigation (RDI) - 50% of 

the ETc was supplied to both sides of the root system; and PRD - 50% of ETc was 

alternately supplied to only one side of the root system, whereas the other side of 

the rootzone remained without water]. These irrigation treatments were replicated 

such that the two plots were either covered with a polyethylene plastic structure 



 
 

xi 
 

(TPC) or remained uncovered. Overall, our work demonstrated that: the use of 

deficit irrigation techniques is a consistent alternative to save water in grapevines 

cultivated either under elevated [CO2] or in the tropics, with or without TPC; TPC 

can improve water use efficiency and Rubisco carboxylation rates in tropically grown 

grapevines; Elevated [CO2] delays drought negative effects in grapevines; Although 

significant effects on water use efficiency were not observed, the use of deficit 

irrigation techniques is favored in the tropics by the anisohydric behavior since 

metabolic and photosynthetic limitations are avoided under such conditions; Under 

elevated [CO2], down-regulation of net photosynthetic rates is observed due N 

dilution within thicker leaves; Despite leaf respiration presents different responses 

depending on drought level, leaf respiration rates are not affected by deficit irrigation 

techniques, regardless growth conditions ([CO2] or tropics), so that the balance 

between photosynthesis and leaf respiration is not impaired. Therefore, yield and 

fruit quality are not damaged when deficit irrigation techniques are used; In addition, 

light inhibition of respiration (Rlight:Rdark) is highly correlated with Rubisco 

oxygenation rates so that Rlight:Rdark is intensified under conditions of reduced 

photorespiration. 

Keywords: chlorophyll a fluorescence; leaf carbon balance; leaf respiration rates; 

net photosynthetic rate; nitrogen concentration; rubisco oxygenation/carboxylation 

rates.  
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RESUMO 
 
 
 

SILVA, Jefferson Rangel da; D.Sc.; Universidade Estadual do Norte Fluminense 
Darcy Ribeiro; dezembro 2017; Efeitos interativos entre técnicas déficit de 
irrigação e elevada concentração de CO2 em condições controladas e 
cobertura plástica transparente em condições de campo sobre aspectos 
fisiológicos de videiras (Vitis labrusca); Orientador: Prof. Eliemar Campostrini; 
Co-orientador: Prof. Kevin Lee Griffin. 

 

Dois experimentos foram desenvolvidos para estudar importantes 

parâmetros fisiológicos e de crescimento em videiras (Vitis labrusca), tanto em 

condições controladas como em condições de campo. Nosso objetivo foi averiguar 

os efeitos interativos entre déficit de irrigação e elevada concentração de CO2 [CO2] 

ou uso de cobertura plástica sob condições tropicais. No primeiro experimento 

(capítulo 1), três tratamentos de irrigação foram implementados [completamente 

irrigado (FI) – ambos os lados do sistema radicular eram irrigados até a saturação; 

irrigação parcial do sistema radicular (PRD) – apenas um dos lados do sistema 

radicular era irrigado até a saturação; e não-irrigado – a irrigação foi suspensa em 

ambos os lados do sistema radicular] em duas câmaras de crescimento, cada uma 

com 1.4 m2 de área e com diferentes [CO2] (400 ppm ou 800 ppm). De maneira 

semelhante, no segundo experimento (capítulo 2), três manejos de irrigação foram 

aplicados em videiras crescidas em condições tropicais [FI – 100% da 

evapotranspiração da cultura (ETc) era fornecida em ambos os lados do sistema 

radicular; déficit de irrigação regulado (RDI) – 50% da ETc era fornecido em ambos 

os lados do sistema radicular; PRD – 50% da ETc era fornecido em apenas um dos 
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lados do sistema radicular, enquanto o outro lado permanecia sem irrigação]. Tais 

tratamentos de irrigação foram replicados tanto em uma área coberta por estrutura 

plástica de polietileno (TPC) como em uma área que não apresentava tal cobertura. 

De maneira geral, nosso trabalho demonstrou que: o uso das técnicas de déficit de 

irrigação é uma estratégia útil para economizar água em videiras cultivadas tanto 

sob elevadas [CO2], como nos trópicos, com ou sem o uso de TPC; O uso de TPC 

apresenta grande potencial para melhorar a eficiência no uso da água e as taxas 

de carboxilação da Rubisco de videiras cultivadas nos trópicos; A elevada [CO2] 

retarda os efeitos negativos do estresse hídrico em videiras; Apesar de efeitos 

significativos na eficiência no uso da água não terem sido observados, o uso de 

ambas as técnicas de déficit de irrigação é favorecido em videiras anisohídricas 

cultivadas em condições tropicais, uma vez que, limitações metabólicas e na 

capacidade fotossintética são evitadas sob tais condições; Sob elevadas [CO2], o 

processo de down-regulação da fotossíntese é observado devido a diluição da 

concentração de N em folhas mais espessas; Apesar das taxas de respiração foliar 

dependerem do nível de estresse hídrico, o uso das técnicas de déficit de irrigação 

não afeta negativamente tal processo, de forma que, o balanço entre as taxas 

fotossintéticas líquidas e de respiração foliar não é alterado independente das 

condições de cultivo ([CO2] e trópicos). Dessa forma, a produtividade e qualidade 

de frutos não são prejudicadas quando técnicas de déficit de irrigação são 

utilizadas; Além do mais, observamos que a inibição da respiração pela luz 

(Rlight:Rdark) é altamente correlacionada com as taxas de oxigenação da Rubisco, 

de forma que Rlight:Rdark é intensificada em condições de reduzida fotorrespiração. 

Palavras-chave: balanço de carbono foliar; fluorescência da clorofila a; taxas de 

carboxilação/oxigenação da Rubisco; taxas de respiração foliar; taxa fotossintética 

líquida.  

 

 



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

1. INTRODUCTION 
 
 
 

According to IPCC (2014), the atmospheric CO2 concentration ([CO2]) is 

estimated to reach values between 750 and 1300 ppm by the end of the century, 

what is likely to be followed by global warming, changes in precipitation patterns 

and reduction in soil moisture content up to 70% (Schultz 2000; Kimball et al., 2001; 

Reich et al., 2016). Considering that grapevines (Vitis spp.) are grown on nearly 

every continent (FAOSTAT 2014), climate change is likely to cause profound 

management modifications in such important crop (Flexas et al., 2010). Thereby, it 

is imperative to study the effects of climate change on important physiological traits 

in grapevines, and the consequences on yield and fruit quality. 

Increased [CO2] can improve carbon assimilation in C3 plants, such as 

grapevines, (Salazar-Parra et al., 2012; Salazar-Parra et al., 2015) because the 

enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), the primary 

carboxylating enzyme of photosynthesis in C3 plants, is CO2-limited under current 

atmospheric conditions (Ainsworth and Rogers 2007). Therefore, any increase in 

[CO2] could up-regulate grapevines’ photosynthetic capacity. However, several 

aspects can influence this up-regulation of photosynthesis under elevated [CO2], 

such as exposure duration, growth conditions and species (Long et al., 2004; 

Aranjuelo et al., 2005; Erice et al., 2006; Ainsworth and Rogers, 2007; Aranjuelo et 

al., 2009a; Sanz-Sáez et al., 2010; Salazar-Parra et al., 2015; Rodrigues et al., 

2016) so that the maximum photosynthetic potential is not always maintained or 

achieved (Luo et al., 1994; Griffin and Seemann 1996) and contradictory responses 

of photosynthesis under elevated [CO2] have been reported (Herrick and Thomas 
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2001; Long et al., 2004; Springer et al., 2005; Aranjuelo et al., 2005; Erice et al., 

2006; Springer and Thomas, 2007; Ainsworth and Rogers 2007; Aranjuelo et al. 

2009a; Albert et al. 2011; Salazar-Parra et al., 2015). 

Since climate change is likely to reduce water available for agriculture 

(Schultz 2000), the future of the sustainable grapevine cultivation requires a major 

reduction in water use (Flexas et al., 2016). Thereby, a promising alternative to be 

explored is the use of deficit irrigation techniques, such as Regulated Deficit 

Irrigation (RDI) and Partial Root-zone Drying (PRD). Under RDI, the water is 

supplied at levels below that required for full crop evapotranspiration (ETc) during 

specific phenological stages, particularly after fruit set, when fruit growth is less 

sensitive to reductions in water supply (Chaves et al., 2010; Tarara and Peña 2015). 

Under PRD, on the other hand, the two sides of grapevines’ root system are 

alternately irrigated, providing a spatial reduction in water availability. Although 

deficit irrigation can improve water use efficiency in plants, the physiological 

responses in grapevines depend on both specific ambient growth conditions and 

plants’ particularities, such as hydraulic resistances within the soil-plant system, 

plant age and climate (Schultz 2003; Lovisolo et al., 2010; Chaves et al., 2010; 

Hochberg et al., 2013). Thus, there is a demand for knowledge about the 

ecophysiological responses of grapevine cultivars deficit irrigated (Chaves et al., 

2010; Flexas et al., 2010; Flexas et al., 2016; Lavoie-Lamoureux et al., 2017), 

especially in both elevated [CO2] and tropical conditions. 

The future of grapevine cultivation is also likely to require an expansion to 

unusual sites (Flexas et al., 2016), such as the tropics. Protected cultivation using 

transparent plastic covering (TPC) could be a good option for extending the range 

of grapevine cultivation, since this technique can protect plants from adverse 

meteorological conditions, such as wind and heavy rains (Roberto et al., 2011; Du 

et al. 2015; Permanhani et al., 2016). However, advantages and disadvantages of 

TPC use are still under debate in the literature, so that both negative and positive 

impacts on grapevines’ photosynthetic capacity, fruit yield and quality have been 

observed when TCP is used (Stanghellini 2014; Permanhani et al., 2016).  

A complete understanding of the effects of elevated [CO2], reduced water 

availability and TPC in grapevines is only possible if the balance between 

photosynthesis and leaf respiration (R) is assessed (Flexas et al.; 2006; Poni et al., 

2009). Despite the importance of R to plant life, (Amthor 2000, Sharma-Natu and 
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Ghildiyal 2005), much less attention has been given to this metabolic process 

(Flexas et al., 2006; Schultz and Stoll 2010; Morales et al., 2016). It is important to 

consider that R occurs continuously throughout the day and the night, so that 

approximately 30% to 80% of daily carbon fixed by photosynthesis is respired back 

into the atmosphere (Loveys et al., 2002). Therefore, even small changes in R can 

result in substantial variation in the plant’s carbon balance (Poni et al., 2009; Flexas 

et al., 2010; Griffin and Heskel 2013; Tomás et al., 2014). In addition, maintaining 

the balance between photosynthesis and leaf respiration could be advantageous to 

grapevine’s growth and development, especially because the starch stored within 

grapevines’ tissues at the end of the current season is crucial to early growth on the 

following season (Greer and Sicard 2009). Therefore, our work aimed to investigate 

the interactive effects of deficit irrigation and both elevated CO2 concentration [CO2] 

and TPC in the tropics on important physiological traits in grapevines (Vitis 

labrusca), such as photosynthetic capacity, leaf respiration and leaf carbon balance. 
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2. LITERATURE REVIEW  
 
 
 
2.1- Grapevines 

 

2.1.1- Grapevines’ botanical aspects and the cultivars ‘Concord’ and 

‘Niagara Rosada’ 

 

Grapevines belong to the Cormophytes group (autotrophic organisms  

differentiated into roots, shoots and leaves), Spermatophyte super-division (plants 

that produce flowers and seeds), Magnoliophyte division (fruits with seeds), 

Dicotyledonous class (plants with two cotyledons that originate the first leaves), 

Rhamnales order (woody plants with a circle of stamens positioned inside the 

petals) and Vitaceae family (flowers with petals corolla welded on the upper part, 

valvar pre-flowering, poorly developed chalice, bicarpellary and bilocular gynoecium 

and fruit berry type) (Hidalgo 1993; Alvarenga et al., 1998). Grapevine is a type of 

liana (woody climbing vines) that use other plants or structures as support (Creasy 

et al., 2017). The genera Vitis, Muscadinia, Amelcissus, Parthenocissus, Landukia, 

Ampelopsis, Clematicissus and Rhoicissus are all within Vitaceae family. The genus 

Vitis presents remarkable economic importance since it is used to produce table 

grapes as well as grapes used to produce juice, jams and wine (Sousa 1996; Mullins 

et al., 2000). Such genus is divided in 2 sub-genera: Muscadinea and Euvitis 

(Winkler et al., 1974). Within the Euvitis, Vitis labrusca and Vitis vinifera are the 2 

species with the largest agricultural importance. The Vitis vinifera has its center of 

origin in the southern area of the Caucasus Mountains, currently occupied by 

Turkey, Iran, Azerbaijan, Georgia, and Armenia. Most researches with grapevines 



5 
 

 
 

use V. vinifera as plant material, since this species is the most widely cultivated in 

the world (Creasy 2017). On the other hand, the Vitis labrusca is originated from 

North America and is mostly cultivated to produce table grapes for in natura 

consumption as well as for juice and jams manufacturing (Giovannini 1999; Creasy 

2017). 

The ‘Concord’ grapevine, generally considered as a pure cultivar of V. 

labrusca species, is native to northeastern North America, where wet and cool 

climates are typical (Ahmedullah and Watson 1985). However, nowadays such 

cultivar is present in a wide climate conditions range (Hall et al., 2012; Borges et al., 

2013). In Brazil, ‘Concord’ is frequently grown in Southern regions, such as in 

Northern Paraná State (Borges et al., 2013). ‘Concord’ grapevine is both vigorous 

and productive, producing medium-sized clusters, bearing large blue-black berries 

with a tough skin, which separates readily from the pulpy flesh (slip-skin) (Zabadal 

et al., 1988).  ‘Concord’ grapes’ juice has been known for the good organoleptic 

quality (Borges et al., 2013), which is a rich phenolic compounds source (Düsman 

et al., 2014). For this reason, grape juices made of ‘Concord’ berries are very 

appreciated by consumers, whether it is produced as monovarietal or in blends 

(Pinto et al., 2016). In addition, ‘Concord’ grapes are used in jellies and preserves, 

as well as in quantity for wine production and in fresh market sales for in natura 

consumption (Hall et al., 2012; Borges et al., 2013). Therefore, ‘Concord’ grapes 

present several purposes and a large market potential (Zabadal et al., 1988).  

 ‘Niagara Rosada’ is a V. labrusca grapevine originated from ‘Niagara 

Branca’ natural somatic mutation, what took place in 1933 in the city of Jundiai, 

metropolitan region of São Paulo, Brazil (Sousa 1996). The ‘Niagara Branca’ is 

another North American cultivar obtained from the crossing between two American 

cultivars, ‘Concord’ and ‘Cassidy’. ‘Niagara Rosada’ plants present a medium vigor, 

with relatively small clusters that weigh ca. 200 – 300 g. The productive season is 

short, good yields are achieved and the grapes are well accepted by the consumers 

due to their sweet flavor and attractive red color (Camargo 1998; Roberto et al., 

2002; Ribeiro et al., 2009). Considered as a rustic table grape cultivar, ‘Niagara 

Rosada’ is largely produced in Brazil and has a great importance to new planting 

areas formation, such as in Northern Rio de Janeiro State, since production costs 

are reduced, and less agricultural traits are required compared to other grapevines 

cultivars (Protas et al., 2002).    
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2.1.2- Grapevine cultivation around the world 

 

Grapevine is considered the most widely cultivated fruit in the world. In 

2014, it was estimated that 74,489,859 t of grapes were produced in 7,124,512 ha 

(FAOSTAT 2014). Such expressive number is due to the fate of grapevines are 

cultivated in nearly every continent of the world. Although Europe produces 38.5% 

of total grapes commercialized in the world, the most important countries that 

produce grapes are China (12,545,800 t) and the USA (7,152,063 t) (FAOSTAT 

2014). Italy (6,930,794 t) and Spain (6,222,584) are the third and the fourth biggest 

producers, respectively (FAOSTAT 2014). In South America, Argentina (2,635,109 

t), Chile (2,456,269 t) and Brazil (1,454,183 t) have the most expressive production 

(FAOSTAT 2014). 

Although this species is historically associated to dry and warm 

Mediterranean climates, nowadays grapevines cultivation is spread around the 

whole globe (Permanhani et al., 2016). V. vinifera is typically cultivated under 

temperate conditions and the harvest is mostly intended for wine production (Creasy 

2017). Otherwise, in the tropics, most vineyards have been used for V. labrusca 

cultivation (Tonietto and Pereira 2012), where two harvests are obtained per year 

(Camargo et al., 2012; Jones et al., 2012; Seccia et al., 2015). Among the tropical 

countries, India is currently the major grapevine producer, with a production of more 

than 2.5 million tons, followed by Peru (0.5 million tons) (FAOSTAT 2014) and 

Brazilians’ tropical regions (0.3 million tons) (IBGE 2016). Such data related to 

Brazilian tropical regions’ production excludes the wet subtropical sites located in 

the Southern region of the country (Köppen 1918). Other tropical grapevine 

producers are Yemen (151.268 tons), Thailand (77.370 tons), Colombia (27,519 

tons) and Venezuela (17.338 tons) (FAOSTAT 2014). It is estimated that V. labrusca 

occupies less than 20% of the total area used for grapevine cultivation (Permanhani 

et al., 2016). In 2014, worldwide production of table grape (V. labrusca) was 

estimated in ca. 21 million tons (Seccia et al., 2015). Brazil is the third largest table 

grapes producer in America, producing ca. 0.76 million tons of fruits within a 

cultivated area of ca. 24,900 ha (FAOSTAT, 2014). Chile (1.2 million tons) and the 

USA (0.9 million tons) are the first and second most important table grapes 

producers of America, respectively (OIV 2015). 
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2.1.3- Favorable growth conditions  

 

Grapevine cultivation sites are currently present between the latitudes 30°N 

and 50°N, as well as between 30°S and 40°S. In Brazil, vineyards are found under 

several climate conditions, from Rio Grande do Sul State, where the weather is 

classified as wet subtropical, to the tropical Northern States (IBGE 2016).  Such 

wide cultivation range is possible because grapevines present a great acclimation 

capacity to several environments, including sites where very low temperatures are 

predominant during winter (Creasy 2017). Since grapevines evolved in temperate 

sites, they tend to grow in regions where the average annual temperature is between 

10 and 20 oC (Creasy 2017). However, careful grapevine cultivar selection and 

thoughtful management can result in successful commercial production outside 

temperate sites, so that the cultivation is characterized by agricultural traits defined 

by each climatic condition (Protas et al., 2002). Regardless this wide acclimation 

capacity, grapevines present standard growth condition requirements to reach the 

maximum yield and the best fruit quality (Sentelhas 1998). Overall, the highest 

yields and the best quality are achieved when the following climatic conditions are 

present: air temperature between 15 – 30 oC, sunlight exposure between 1,200 – 

1,400 hours throughout the season (Sentelhas 1998), precipitation rates between 

400 – 1,000 mm, depending on both climatic conditions and season length 

(Giovannini 1999). 

Grapevines’ growing season is characterized by a succession of vegetative 

cycles alternated with dormancy periods. Overall, the vegetative cycle 

encompasses the following stages: vegetative growth, between bud break and 

shoot growth; reproductive stage, between flowering and fruit ripening and; shoot 

lignification. Between two vegetative cycles there is always a dormancy period. 

Thus, the vegetative cycle and the dormancy period interdependently intercalate 

each other (Pedro Júnior et al., 1993; Creasy 2017). The vegetative cycle begins 

with pruning so that climatic conditions after pruning can change grapevines’ growth 

stages, yield and fruit quality (Creasy 2017). Once inflorescences are formed, warm 

(ca. 30 oC) and sunny days can increase growth, and therefore, clusters’ size 

(Creasy 2017). Plants exposed to ideal sunlight exposure present better bud break 

and fertility (Santos, 2006), as well as fruits with higher sugar concentration (Mullins 

et al., 2000). However, supra-optimal temperatures (over 40 oC) under drought 
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conditions may lead to massive leaf shedding, causing source-sink imbalance and 

incomplete berry maturation due to insufficient carbohydrates availability (Chaves 

et al., 2010). Furthermore, although small water supplements may increase yield 

and maintain or even improve fruit quality (Matthews and Anderson 1989; dos 

Santos et al., 2003), excessive water supply may over-stimulate vegetative growth, 

which causes a negative impact on berry pigments (color) and sugar content 

(Bravdo et al., 1985; Dokoozlian and Kliewer 1996; Chaves et al., 2010). Moreover, 

large canopies tend to frequently present fungal diseases (Dry and Loveys 1998). 

Therefore, environmental conditions strongly influence grapevines’ development so 

that if the weather is favorable during the current season, the following season’s 

yield potential is also improved (Creasy 2017). 

 

2.2. Ecophysiological aspects of grapevines grown under elevated [CO2]  

 

The anthropogenic action combined with natural processes on Earth have 

increased [CO2] in a range of 120 ppm since pre-industrial period, reaching the 

values of ca. 400 ppm observed nowadays (IPCC 2014). It is estimated that the 

[CO2] has increased at rates of ca. 2 ppm per year so that by 2050, [CO2] is predicted 

to reach ca 450 and 600 ppm, outpacing 700 ppm on the second half of this century 

(Collins et al., 2013; Ramalho et al., 2013). Under current atmospheric conditions, 

Rubisco activity in grapevines is CO2-limited, as in other C3 plants, whereas the 

oxygenation activity is not inhibited (Ainsworth and Rogers 2007). Thus, CO2 fixation 

rates of grapevines exposed to twice ambient [CO2] could increase more than 50% 

in the short-term (minutes to hours) (Salazar-Parra et al., 2012; Salazar-Parra et al., 

2015) so that elevated [CO2] could affect plant’s metabolism, physiological 

functioning, growth and productivity (Drake et al., 1997; Oliveira et al., 2010). 

Indeed, greater net photosynthetic rates under elevated [CO2] can increase 

leaf area, leaf dry weight (Kizildeniz et al., 2015) and yield without negative effects 

on fruit quality (Bindi et al., 2001; Kizildeniz et al., 2015). It has also been shown 

that under elevated [CO2], both grapevine’s stomatal density and stomatal 

conductance decrease, reducing water losses through transpiration (Moutinho-

Pereira et al., 2009; Holtum and Winter 2010; Rogiers et al., 2011). Therefore, 

plant’s water use efficiency (WUE) could increase since more carbon is assimilated 

through photosynthesis at a given transpiration rate (Holtum and Winter 2010). 
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 However, effects of elevated [CO2] on plant’s photosynthesis can depend 

on exposure duration. In long-term, it has been reported that the initial stimulation 

of photosynthesis following CO2 application often does not persist and net 

photosynthetic rates declines below its maximum potential in an acclimation process 

described as photosynthetic acclimation or photosynthetic down-regulation (Jifon 

and Wolfe 2002; Long et al., 2004; Erice et al., 2006; Salazar-Parra et al., 2015). 

This down-regulation process may be a result of: (1) stomatal limitations, such as 

those resulting from lower leaf conductance under elevated [CO2], and the 

corresponding decrease in the sub-stomatal CO2 concentration (Ci) (Sánchez-Díaz 

et al., 2004); or (2) metabolic limitation, usually attributable to reduced carboxylation 

activity (Aranjuelo et al., 2005; Erice et al., 2006) and/or a reduced rubisco amount 

at elevated [CO2] (Urban 2003; Aranjuelo et al., 2005). In addition, the inability of 

plants to fully utilize the extra photosynthates produced under elevated [CO2] 

(Bunce 2001) can also contribute to down-regulation process. Indeed, one of the 

parameters that can affect photosynthetic down-regulation is the change on source-

sink ratio (Urban 2003), and the ability of plants to develop new sinks or expand 

existing ones (Lewis et al., 2002; Aranjuelo et al., 2009a). Therefore, when plants 

exposed to elevated [CO2] have limitations to increase C sink strength, a decrease 

on their photosynthetic rates to balance C source activity and sink capacity is 

observed (Thomas and Strain 1991). When C sink strength is not increased, the 

down-regulation of photosynthesis may cause photoinhibition due to reductions in 

energy equivalents (ATP and NADPH) consumption in the Calvin-Benson cycle, 

which increases the probability of overexcitation in photosystem II (PSII) (Lambreva 

et a., 2005; Lawlor and Tezara 2009; Wilhelm and Selmar 2011). Although many 

studies have shown that photosynthesis down-regulates to elevated CO2 over long-

term experiments (Long et al., 2004; Aranjuelo et al., 2005; Erice et al., 2006; 

Ainsworth and Rogers 2007; Aranjuelo et al., 2009a; Albert et al. 2011; Salazar-

Parra et al., 2015), some works indicate that down-regulation symptoms does not 

occur, so that the responses of photosynthesis to long-term (up to 7 years of 

treatment under elevated [CO2]) do not differ from those of short-term (Herrick and 

Thomas 2001; Springer et al., 2005; Springer and Thomas 2007), showing the 

contradiction among different studies.  

 Similar to photosynthesis, leaf respiration (R) is a physiological process 

known to respond to climate change and to elevated [CO2] (Griffin and Seemann 
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1996; Flexas et al., 2006; Crous et al., 2012). Functionality of R is fundamental to 

plant life, sustaining growth and maintenance, ion transport and 

compartmentalization, protein turnover and tissue acclimation to environmental 

change (Amthor 2000; Sharma-Natu and Ghildiyal 2005). Moreover, R plays an 

important role in the carbon balance of plants (Gonzales-Meler et al., 2004), since 

respiratory CO2 efflux from plants is a large fraction of the total gross CO2 uptake 

through photosynthesis, and proceeds in daylight as well as during the night 

(Tcherkez et al., 2012; Griffin and Heskel 2013). For this reason, it is required an 

intense effort focused on understanding the balance between photosynthesis and 

R in response to several climatic and atmospheric conditions, such as elevated 

[CO2] (Cavaleri et al., 2008; Drake et al. 2008; Kirschbaum 2010; Mahecha et al., 

2010). 

Although initially it was thought that R was similar throughout day and night 

(Graham 1980), it is now accepted that R is strongly suppressed by daylight (Brooks 

and Farquhar 1985; Krömer 1995; Atkin et al., 2000; Shapiro et al., 2004; Tcherkez 

et al., 2005; Nunes-Nesi et al., 2007; Tcherkez et al., 2008). As a result, most leaf-

level studies show that respiration in the light (Rlight) is lower than mitochondrial CO2 

release in the dark (Rdark) (Hurry et al. 2005; Tcherkez et al. 2010). Several studies 

have reported that reduction in Rlight in illuminated leaves can be a result of the 

deactivation of pyruvate dehydrogenase (Gemel and Randall 1992; Tovar-Mendez 

et al., 2003), the inhibition of isocitrate dehydrogenase due to higher ATP levels 

during the day (Igamberdiev and Gardeström 2003; Kasimova et al. 2006) and the 

inhibition of pyruvate kinase (Lin et al., 1989; Tcherkez et al., 2009). Moreover, 

studies have shown that the TCA cycle functions in a noncyclical manner in day-

light, producing both glutamate and fumarate to provide organic acids and C-

skeletons for nitrate assimilation, while also responding to the feedback inhibition by 

NADH and ATP on the TCA cycle in illuminated leaves (Tcherkez et al., 2009). 

Changes in the demand for other respiratory products in the light (compared with in 

darkness) may also contribute to variability in degree of light inhibition of R (Flexas 

et al., 2005; Atkin and Macherel 2009). 

Regarding elevated [CO2], there are studies reporting that R is stimulated 

(Davey et al., 2004; Shapiro et al., 2004; Robredo et al., 2010; Crous et al., 2012) 

since the number of mitochondria (the organelles that supply energy to the cell in 

the form of ATP) is higher in plants grown under elevated [CO2] (Griffin et al., 2001; 
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Griffin et al., 2004; Wang et al., 2014). In addition, lower light inhibition of R (and 

higher rates of Rlight per se) in plants grown under elevated [CO2] has been 

previously reported in several studies (Wang et al., 2001; Shapiro et al., 2004) and 

attributed to a greater demand for energy and C-skeletons, and increased 

availability of respiratory substrates under elevated [CO2] (Dewar et al., 1999; Atkin 

et al., 2000; Wang et al., 2001; Tcherkez et al., 2008; Ayub et al., 2011; Crous et 

al., 2012). However, some reports have shown that R can be inhibited under 

elevated [CO2] (Reuveni et al., 1995; Gonzàlez-Meler et al., 1996) due to changes 

in the cytochrome and/or alternative pathway ratios, reduced energy demand for 

carbohydrate translocation (González-Meler et al., 2004), as well as reduced tissue 

N content in leaves grown under elevated [CO2] (Bouma et al., 1994; Drake et al., 

1997; Curtis and Wang 1998). Moreover, decreased Rlight:Rdark has been reported 

under conditions that suppress light-saturated photorespiration rates, such as 

elevated [CO2] (Wang et al., 2001; Shapiro et al., 2004; Ayub et al., 2011; Crous et 

al., 2012; Griffin and Turnbull 2013), since photorespiration regulates key enzymes 

of the TCA cycle, such as pyruvate decarboxylase, isocitrate dehydrogenase and 

pyruvate kinase (Griffin and Turnbull 2013). Such contradictory results reported in 

the literature reinforce the importance of better understanding the effects of elevated 

[CO2] on leaf respiration, and the consequeces on leaf carbon balance between 

photosynthesis and respiration.  

 

2.3. Ecophysiological aspects of grapevines grown under reduced water availability 

 

Water scarcity is one of the major worldwide limitations for viticulture 

(Chaves et al., 2007) since grapevines are predominantly located in regions where 

the growing season coincides with the highest annual temperatures and dry months 

(Flexas et al., 2010). This particular climatic condition and its exacerbation predicted 

by climate change (IPCC 2014) demand an advance on the knowledge about the 

ecophysiological responses of grapevines cultivars to low water availability (Collins 

et al., 2013), especially in tropical areas, such as in Brazil, where information is 

scarce and precipitation patterns are irregular (Permanhani et al., 2016).  It is known 

that grapevines have the capacity to perceive and respond to alterations in water 

availability through physiological, cellular, and molecular events developing 

simultaneously (Chaves et al., 2009). Such responses are modulated by imposed 
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drought intensity, duration, and rate of progression (Pinheiro and Chaves 2011) as 

well as by specific stress ‘tolerance’ or ‘avoidance’ mechanisms presented by 

grapevine plants (Schultz 2003). 

Grapevines have been addressed as the only known species to possess 

both isohydric and anisohydric behaviors in response to changes in air vapor 

pressure deficit (VPD) and/or water availability in the soil (Schultz 2003; Soar et al., 

2006; Chaves et al., 2010; Tomás et al., 2014; Lavoie-Lamoureux et al., 2017). 

These mechanisms are stomatal conductance (gs) sourced (Hocheberg et al., 2013) 

and for this reason, many works comparing grapevine cultivars in terms of water 

use efficiency (the amount of carbon gained per unit water used) have presented 

contrasting results (Bota et al., 2001; Schultz, 2003; Rogiers et al., 2012; Tomás et 

al., 2014; Zhang et al., 2012; Pou et al., 2012; Tramontini et al., 2014). Indeed, in 

isohydric plants, ABA accumulation in leaves promotes stomata closure early in 

response to either decreased water content in the soil or increased VPD, so that 

leaf water potential (Ψ) remains unchanged or slightly decreases (Schultz 2003; 

Poni et al., 2007; Lovisolo et al., 2010; Pou et al., 2012; Flexas 2016; Lavoie-

Lamoureux et al., 2017). However, foliar ABA can also limit leaf gas exchange over 

the long-term, by preventing stomatal recovery upon rewatering.  However, isohydry 

may favor embolism repair and preserves water under conditions of fluctuating 

water availability and repeated drought (Tombesi et al., 2015). On the other hand, 

anisohydric plants have a high tolerance to reduced water availability and do not 

significantly modify stomatal apertures as leaf water potential varies (Rogiers et al., 

2012; Palliotti et al., 2015; Lavoie-Lamoureux et al., 2017), which in turn results in 

the maintenance of higher photosynthetic capacity, favoring faster recovery upon 

re-watering (Pou et al., 2012). Therefore, responses to environment constrains, 

such as reduced water availability, vary quite a lot within grapevine genotypes 

(Costa et al., 2012; Tomás et al., 2012) due to intrinsic efficiency of stomatal 

regulation, photosynthetic capacity and water use efficiency (Chaves et al., 2007; 

Costa et al., 2012; Tomás et al., 2014; Vaz et al., 2016).  

Although restricted CO2 diffusion across leaves is likely to be the most usual 

cause for decreased photosynthesis rates under water stress, especially when 

isohydric behavior is detected, other non-stomatal effects and metabolic 

impairments may also occur, particularly under severe water stress (Ribas-carbó et 

al., 2005). When drought progresses, the photochemistry and biochemistry of the 
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photosynthesis can be affected, reducing grapevine’s photosynthetic capacity 

(Flexas and Medrano 2002; Morales et al., 2006). Restrained PSII performance by 

increasing energy dissipation (Robredo et al., 2010; Yuan et al., 2013), decreased 

CO2 concentration in the chloroplasts (Flexas et al., 2002) due to mesophyll 

conductance limitations (Flexas et al., 2010), oxidative stress (Vincent et al., 2007; 

Zhou et al., 2007), reduced carboxylation efficiency or reduced amount/activity of 

Rubisco (Long et al., 2004; Flexas et al., 2009; Salazar-Parra et al., 2015) as well 

as reduced capacity of regeneration of Rubisco (Medrano et al., 2003) have been 

reported as the main non-stomatal effects of reduced water availability in 

grapevines. In addition, differences in photoprotection mechanisms have been 

observed in grapevines, such as photorespiration and photoprotective state 

associated with xanthophyll de-epoxidation, both necessary to avoid further damage 

to photosynthesis under drought (Medrano et al., 2002).  

Contrary to photosynthesis, and despite the importance of R to plant 

production, the effects of water stress on R are largely unknown since there is a 

limited number of studies available, which report conflicting results (Flexas et al., 

2005; Schultz and Stoll 2010). The most probable causes of such contradictions can 

be related to species and technique used to measure R, interactions with 

environmental factors and water stress intensity, so that current results report 

increases, decreases or even no effect on R in response to reduced water 

availability (Flexas et al., 2005). In addition, leaf respiration rates have been 

reported to remain within narrow ranges during water stress (Flexas et al., 2006) 

since two respiratory pathways are present (cytochrome pathway and alternative 

pathway) (Lambers et al., 2005). Therefore, water stress induces a sharp decrease 

in the cytochrome respiration rate concomitant with a similar increase in the 

alternative respiration rate and hence, total respiration rate could remain quite 

constant (Ribas-Carbó et al., 2005). Furthermore, drought has been associated to 

substantially increase the degree of light inhibition of R, reflecting greater drought-

mediated reductions in rates of Rlight compared with Rdark (Ayub et al., 2011; Crous 

et al., 2012).  

Since the ratio between net photosynthetic rates and leaf respiration can 

decrease markedly under drought (Flexas et al., 2005; Flexas et al., 2006; Atkin and 

Macherel, 2009; Ayub et al., 2011), grapevine’s yield and quality can be influenced 

by water availability (Myburgh 2003). Indeed, negative effects of water stress on 
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reproductive growth in grapevines have been widely reported (McCarthy, 1997; 

Petrie et al., 2004; Santesteban et al., 2011) and yield reduction is one of the most 

common effect caused by water stress in grapevines (Intrigliolo and Castel, 2010; 

Santesteban et al., 2011). During berry growth, drought restricts cell division, 

reducing berry size (Matthews and Anderson 1989; McCarthy 1997; Ojeda et al. 

2002). At the beginning of berry developmental stage, berry growth is so sensitive 

to water deficit that such negative effects cannot be reversed even by supplemental 

irrigation during the following stages (Kizildeniz et al., 2015). In addition, berry size 

can indirectly affect phenolic content, including anthocyanins, possibly due to a 

modified skin surface-to-berry volume ratio (Ojeda et al., 2002; Roby and Matthews 

2004; Koundouras et al., 2006).  

 

2.4. Combined ecophysiological effects of reduced water availability and elevated 

[CO2]  

 

It has been predicted that increased atmospheric [CO2] may cause global 

warming as well as changes in precipitation patterns (Kimball et al., 2001) so that 

drought occurrence will be more frequent, intense and erratic and will possibly affect 

regions not currently exposed to drought (Allen, 1994; Centrito et al., 1999). It is 

predicted that doubling atmospheric [CO2] will result in decreases in soil moisture 

content up to 70% (Schultz 2000), what may force viticulturists to change agricultural 

practices currently applied, such as irrigation (Chaves et al., 2007). Studies 

considering the combination of two main components, such as elevated CO2 

concentration and water availability are scarce, because such studies are complex, 

difficult and expensive to run (Salazar Parra et al., 2010). However, since it is 

impossible to extrapolate plants’ responses to combined environmental conditions 

from the response derived from a single condition (Rampino et al., 2012), the 

interactive effects of reduced water availability and increased [CO2] need to be 

studied. 

Higher yield potentials of water-limited plants grown at elevated [CO2] may 

be observed due to a better water status, resulted from lower stomatal conductance, 

which improves both the WUE and the intercellular CO2 concentration (Chaves and 

Pereira 1992). Such reduced stomatal conductance and the consequent reduction 

in transpiration rates may increase soil moisture content (Salazar-Parra 2012). In 
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line with this, Robredo et al. (2007, 2010) reported that the water deficit-mediated 

decreases of photosynthesis (CO2 uptake and photochemical capacity) in 

grapevines (Vitis vinifera) were delayed under elevated [CO2]. In addition, enhanced 

energy fluxes (absorbed photon flux, trapping flux, and electron transport flux) per 

active PSII have been reported in barley exposed to both elevated [CO2] and 

drought (Zong et al., 2014). Therefore, it has been proposed that elevated [CO2] 

ameliorates, mitigates or compensates for the negative impact of drought on plant 

growth (Wullschleger et al., 2002) and enables plants to remain turgid and functional 

for a longer period (Centrito et al., 1999). However, studies about the interactive 

effects of elevated CO2 and reduced water availability have received less attention 

and most works have focused on absorption of extra C under increasing [CO2] 

(Holtum and Winter 2010). Likewise, relatively few studies have quantified the 

degree of light inhibition of R in plants grown under such conditions (Crous et al., 

2012), although leaf R can vary in response to both water availability and elevated 

[CO2], as stated before in this review. 

 

2.5. Alternative agricultural practices to improve grapevine cultivation  

 

2.5.1. Deficit irrigation in grapevines 

 

Agriculture uses ca 70% of global freshwater resources, implying that the 

supply of freshwater is an essential and limiting factor to crop productivity worldwide 

(Morison et al., 2008). In this sense, agriculture is facing a dual problem so that on 

one hand, higher yields are required, what is generally associated with using more 

water (Blum 2009; Molden et al., 2010), whereas reducing water supply is desirable 

to maintain the sustainability of present agriculture in many regions (Flexas et al., 

2016). Therefore, improving the yield to water consumption ratio has become a 

major priority (Costa et al., 2007; Morison et al. 2008) and the use deficit irrigation 

(DI) techniques should be explored based on the ecophysiological knowledge of 

plants responses to such techniques (Chaves et al., 2007; Blum, 2009). 

DI is a method of irrigation where the amount of water used is kept below 

the maximum level and the minor stress that develops is supposed to cause minimal 

effects on yield (English and Raja 1996). Moreover, DI does not require specific 

technical control (Chaves et al., 2010). Regulated Deficit Irrigation (RDI) and Partial 
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Rootzone Drying (PRD), in turn, are two specific DI techniques that tune water 

availability temporally (specific timing of the application - RDI) or spatially 

(alternating dry–wet zones - PRD) (Chaves et al., 2010). Under RDI, the water is 

supplied at levels below that required for full crop evapotranspiration (ETc) during 

specific phenological stages, particularly after fruit set when fruit growth is less 

sensitive to reductions in water supply (Chaves et al. 2010, Tarara and Peña 2015). 

By contrast, under PRD, the two sides of grapevines’ root system are alternately 

irrigated providing a spatial reduction in water availability, so that while one rootzone 

side is being wetted, the other half of the root system is allowed to dry (Chaves et 

al., 2010). 

A major characteristic of DI strategies is to provide enough water to stabilize 

yield, but enabling imposition of some degree of water deficit that permits to save 

water while controlling vegetative vigor and positively influencing fruit quality 

(Fereres and Soriano 2007; Chaves et al., 2007; Costa et al., 2007; Geerts and 

Raes 2009). The use PRD, for example, is expected to induce abscisic acid (ABA) 

synthesis in the dried half of the rootzone, and lead to partial stomatal closure 

without reducing overall leaf water status (Dry and Loveys, 1998; Stoll et al., 2000; 

Antolín et al., 2006; Antolín et al., 2008; Collins et al., 2010). Such reductions in 

stomatal conductance and hence, in transpiration, are typically larger than the 

decrease in net photosynthesis and thus, increased water use efficiency without 

impairing plant development, yield or fruit quality can be observed (de Souza et al., 

2005; Chaves et al., 2007; Pou et al., 2012; Kizildeniz et al., 2015). Indeed, PRD 

can promote sugar accumulation either as a result of inhibiting lateral shoot growth, 

which induces a reallocation of carbohydrates to fruits, or as a direct effect of ABA 

signaling on fruit ripening (Coombe 1989; Deluc et al., 2009). Likewise, RDI use is 

associated to ABA production and increased stomatal sensitivity to conditions 

driving water loss, and has been applied as an alternative to the use of plant growth 

regulators to improve berry color in grapevines (Balint and Reynolds 2013; Fuentes 

et al., 2014; Niculcea et al., 2014). In addition, RDI can increase the content of 

soluble solids and reduce the levels of titratable acidity, promoting early ripening 

(Gelly et al., 2004; Pérez-Pastor et al., 2007). However, such responses of both 

PRD and RDI are not always observed in the field (dos Santos et al., 2003; Gu et 

al., 2004; Intrigliolo and Castel, 2009), especially in grapevine plants that can 

behave as either isohydric or anisohydric in response to water availability in the soil 
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(Schultz 2003, Soar et al., 2006; Chaves et al., 2010; Tomás et al., 2014; Lavoie-

Lamoureux et al., 2017). Indeed, maintaining similar Ψ values through ABA 

accumulation in response to reduced water availability is typically observed in 

isohydric plants (Poni et al., 2007; Lovisolo et al., 2010; Pou et al., 2012; Flexas 

2016; Lavoie-Lamoureux et al., 2017), whereas anisohydric plants do not respond 

to exogenous ABA (Coupel-Ledru et al., 2017), and may present totally different 

responses, closing their stomata at water potentials well below those of well-watered 

or isohydric plants (Soar et al., 2006; Lavoie-Lamoureux et al., 2017). Therefore, 

there is a demand for knowledge about the ecophysiological responses of grapevine 

cultivars to DI strategies (Chaves et al. 2010, Flexas et al. 2010, 2016, Lavoie-

Lamoureux et al. 2017), especially under tropical conditions, where studies are 

scarce. 

 

2.5.2. Transparent plastic covering  

 

Protected cultivation, using transparent plastic cover (TPC), has become a 

common practice in different climates, and can contribute for extending the range of 

grapevine cultivation around the world, from the traditional mediterranean regions 

to new tropical sites, such as in Brazil (Permanhani et al., 2017). TPC changes the 

microclimate of the cultivated area, which has major and sometimes contradictory 

effects on crop’s growth cycle, WUE, berry quality, yield and diseases incidence 

(Deluc et al., 2009; Roberto et al., 2011; Permanhani et al., 2017). It has been 

reported that TPC can either minimizes the damaging effects of high temperature in 

grapevines (Chavarria et al., 2010) or increase air temperature (Liu et al., 2012; 

Novello and de Palma 2008; Suvočarev et al., 2013). High air temperatures (over 

40o C) have been associated to either earlier bud break and harvest (Kamiloğlu et 

al., 2011; Roberto et al., 2011; Comiran et al., 2012) or negative impacts on ripening 

(Ferreira et al., 2004).  

Although TPC may increase shading and delay harvest (Ferreira et al., 

2004; Novello and de Palma 2008; Roberto et al., 2011) because of reduced sugar 

accumulation and anthocyanin content (Deluc et al., 2009), there are no doubts 

about the benefits of protecting grapevines’ canopy from adverse meteorological 

conditions, such as wind (which causes mechanical damages in both leaves and 

clusters) and rain (Roberto et al., 2011; Du et al., 2015; Permanhani et al., 2016). 
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While rainfall increases grapevine vegetative growth, it can reduce fruit quality due 

to imbalances in the sink/source ratio (Monteiro and Lopes 2007; Chaves et al., 

2010). Moreover, leaf wetness caused by rainfall can trigger disease development, 

such as mildew and botrytis, increasing the use of fungicides and other chemicals 

(Botelho et al., 2011; Pedro et al., 2011; de Souza et al., 2015; Permanhani et al., 

2016). In addition, TPC can increase water use efficiency in grapevines by creating 

higher humidity and lowering transpiration as compared to open field conditions 

(Stanghellini 2014, Permanhani et al., 2016). Indeed, lower evapotranspiration in 

response to TPC use in grapevine cultivation have been reported (Stanghellini 

2014). Finally, higher chlorophyll contents can be also observed in grapevines 

grown under TPC (de Souza et al., 2015), what could improve the photosynthetic 

capacity of such plants.  
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3. CHAPTER 1 

 
 
 

PHOTOSYNTHETIC ACCLIMATION TO ELEVATED CO2 COMBINED WITH 

PARTIAL ROOTZONE DRYING RESULTS IN IMPROVED WATER USE 

EFFICIENCY, DROUGHT TOLERANCE AND LEAF CARBON BALANCE OF 

GRAPEVINES (Vitis labrusca)1 

 
 
 
 

ABSTRACT 
 
 
 

 We considered the interactive effects of elevated CO2 concentration [CO2] 

and reduced water availability (Partial Rootzone Drying - PRD and drought) on a 

variety of important physiological and growth traits in grapevine (Vitis labrusca). The 

following questions were addressed: (i) Will there be a down-regulation of 

photosynthesis at elevated [CO2] and what role do leaf nitrogen (N) concentration 

and specific leaf weight (SLW) have in this process? (ii) What are the effects of PRD 

under elevated [CO2]? (iii) Can elevated [CO2] delay the negative effects of drought 

in grapevines?  and (iv) What is the impact of leaf respiration in the light (Rlight) and 

in the dark (Rdark) on leaf carbon balance (LCB) of grapevines? Three water 

1This Chapter has been published as: Silva, J.R., Patterson, A.E., Rodrigues, W.P., Campostrini, E., Griffin, K.L. 

(2017) Photosynthetic acclimation to elevated CO2 combined with partial rootzone drying results in improved water 

use efficiency, drought tolerance and leaf carbon balance of grapevines (Vitis labrusca). Environmental and 

Experimental Botany 134: 82–95. doi:/10.1016/j.envexpbot.2016.11.007 
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management treatments (WMT) were applied [full-irrigated - both sides of the 

rootzone were irrigated to saturation; PRD - only one side of the rootzone was 

irrigated to saturation; and non-irrigated - irrigation was suspended on both sides of 

the rootzone] in each of two 1.4 m2 growth chambers, each one with different [CO2] 

(400 ppm or 800 ppm). We found that: (i) net photosynthetic rate (Anet) is down-

regulated under elevated [CO2], which may be caused by reductions in Rubisco 

content and/or total activity and by a reduction in the efficiency of the photochemical 

apparatus due to N dilution within leaves with higher SLW; (ii) Under elevated [CO2], 

Rubisco carboxylation rate is increased when PRD is applied, leading to increased 

Anet, thereby leading to greater water use efficiency (WUE) and intrinsic WUE 

(iWUE). However, these responses were not linked to photochemical or stomatal 

effects. (iii) Elevated [CO2] delayed drought effects on both Anet and Rubisco activity 

for four days, by reducing stomatal conductance, transpiration and stomatal density; 

(iv) Leaf respiration responses depend on drought level; and (v) Conditions that 

reduce N concentration, such as elevated [CO2], also reduce Rdark and Rlight. In 

addition, elevated [CO2] intensifies light inhibition of respiration and reduces 

Rubisco oxygenation, as well as improves LCB and contributes for mitigating 

deleterious effects of drought on LCB in grapevines. 

Keywords: light inhibition of respiration; net photosynthetic rate; nitrogen 

concentration; rubisco oxygenation/carboxylation rates. 

 
 
 
 

RESUMO 
 
 
 

 Nós consideramos os efeitos interativos da elevada concentração de CO2 

[CO2] e da reduzida disponibilidade hídrica (Irrigação parcial do sistema radicular – 

PRD and estresse hídrico) sobre uma variedade de importantes parâmetros 

fisiológicos e de crescimento em videira (Vitis labrusca). As seguintes questões 

foram levantadas: (i) Ocorrerá o processo de down-regulação da fotossíntese sob 

elevada concentração de [CO2] e qual o papel da concentração de nitrogênio foliar 

(N) e da massa foliar específica (SLW) nesse processo? (ii) Quais são os efeitos 

do PRD sob elevada [CO2]? (iii) A elevada concentração [CO2] pode retardar os 

efeitos negativos do estresse hídrico em videiras?  e (iv) Qual é o impacto da 
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respiração foliar na luz (Rlight) e no escuro (Rdark) sobre o balanço de carbono foliar 

(LCB) de videiras? Três tratamentos de irrigação foram implementados 

[completamente irrigado (FI) – ambos os lados do sistema radicular eram irrigados 

até a saturação; irrigação parcial do sistema radicular (PRD) – apenas um dos lados 

do sistema radicular era irrigado até a saturação; e não-irrigado – a irrigação foi 

suspensa em ambos os lados do sistema radicular] em duas câmaras de 

crescimento, cada uma com 1.4 m2 de área e com diferentes [CO2] (400 ppm ou 

800 ppm). Nosso trabalho mostrou que: (i) a taxa fotossintética líquida (Anet) é down-

regulada sob elevadas [CO2], o que pode ser causado tanto por reduções no 

quantidade e/ou atividade total da Rubisco, como por diminuições na eficiência 

fotoquímica, devido a um efeito de diluição do N em folhas que apresentam maiores 

SLW; (ii) Sob elevadas [CO2], as taxas de carboxilação da Rubisco são elevadas 

quando PRD é utilizado, levando a um aumento em Anet e, consequentemente, a 

uma melhor eficiência no uso da água (WUE) e eficiência intrínseca no uso da água 

(iWUE). Entretanto, tais respostas não foram relacionadas a capacidade 

fotoquímica ou efeitos estomáticos. (iii) A elevada [CO2] retarda em quatro dias os 

efeitos deletérios do estresse hídrico tanto sobre Anet como sobre a atividade da 

Rubisco, por meio de reduções na condutância estomática, na transpiração e na 

densidade estomática; (iv) a respiração foliar depende do nível de estresse hídrico; 

e (v) condições que reduzem a concentração de N, tais como elevada [CO2], 

também reduzem Rdark e Rlight. Além disso, a elevada [CO2] intensifica a taxa de 

inibição da respiração pela luz, diminuem as taxas de oxigenação da Rubisco, 

melhoram o LCB e contribuem para mitigar os efeitos deletérios da seca sobre LCB 

em videiras. 

Palavras-chave: concentração de nitrogênio; inibição da respiração pela luz; taxas 

de carboxilação/oxigenação da Rubisco; taxa fotossintética líquida. 

 
 
 
 

INTRODUCTION 
 
 
 

Global change and the associated impacts on crop production hold the 

attention of researchers worldwide. According to the IPCC report (2014), 

atmospheric CO2 concentration [CO2] is estimated to reach values between 750 and 
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1300 ppm by the end of the century. These increases in atmospheric [CO2] are likely 

to be accompanied by global warming and changes in precipitation patterns (Kimball 

et al., 2001, Reich et al, 2016). According to Schultz (2000), an enhanced 

atmospheric [CO2] could also result in a decrease in soil moisture content up to 70% 

imposing limitations to the cultivation of important crops, such as grapevines. 

Grapevine is considered to be the most widely cultivated fruit in the world, is grown 

on nearly every continent (FAOSTAT, 2014), and is likely to undergo a period of 

profound management changes (Flexas et al., 2010).  Given the economic 

importance of grapevine cultivation, it is imperative to study the effects of predicted 

global change on the physiological underpinnings of production, as well as possible 

management alternatives that may be used to maintain this production. 

The elevation of atmospheric [CO2] can positively affect important 

physiological processes such as photosynthesis and respiration in grapevines and 

other C3 plants. The enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase 

(Rubisco), the primary carboxylating enzyme of photosynthesis, is known to be CO2-

limited under current atmospheric conditions while its oxygenation activity is not 

(Ainsworth and Rogers, 2007). For these reasons, grapevines’ net photosynthetic 

rates (Anet) at twice the ambient [CO2] concentrations could increase (Salazar-Parra 

et al., 2012; Salazar-Parra et al., 2015). However, when [CO2] is increased, the 

maximum photosynthetic potential is not always maintained, a process known as 

down-regulation (Luo et al., 1994, Griffin and Seemann, 1996), and this process is 

known to vary with growth conditions and by species (Long et al., 2004; Aranjuelo 

et al., 2005, 2009a; Erice et al., 2006; Ainsworth and Rogers, 2007; Sanz-Sáez et 

al., 2010; Salazar-Parra et al., 2015, Rodrigues et al., 2016). Quantifying the 

complex photosynthetic responses to elevated [CO2] is time consuming and difficult, 

requiring access to expensive instrumentation. Thus, proxies and/or indicators of 

photosynthetic acclimation based on simpler leaf traits would be useful for 

agronomist and land managers. Luo et al. (1994) proposed a simplifying model 

based on the specific leaf weight (SLW – g cm-2) and Nitrogen (N) concentration 

(gN g-1leaf) to predict the response of net photosynthetic rates to elevated [CO2].  In 

this model photosynthesis is up-regulated if changes in SLW are larger than the 

decrease in N concentration, and photosynthesis is down-regulated if the decrease 

in N concentration is larger than the increase in SLW. However, the precise 

physiological mechanism behind Luo’s et al. (1994) model remains unknown. 
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One possible response to the potentially negative effects of global change 

would be the use of water-saving irrigation techniques, such as Partial Root-zone 

Drying (PRD).  The PRD technique alternates the irrigation of the two sides of the 

grapevines’ root system.  This in turn induces root abscisic acid (ABA) synthesis in 

the dried half of the rootzone, and results in partial stomatal closure without reducing 

overall leaf water status in isohydric species (Dry and Loveys 1998, Antolín et al. 

2006, 2008). In addition, the observed reductions in stomatal conductance and 

transpiration are typically larger than the decrease in Anet. Thus, PRD results in 

increased water use efficiency without impairing plant development, yield or fruit 

quality (Stoll et al., 2000; Gaudillère et al., 2002; Chaves e Oliveira, 2004; Chaves 

et al., 2007; de Souza et al., 2004, 2005; Pou et al., 2012). Since water scarcity 

resulting from global change could impose limitations to grapevine production and 

force viticulturists to rely on more efficient irrigation (Chaves et al. 2007; Flexas et 

al., 2010), PRD technique may be more routinely used in the future. However, there 

are still no studies of how this technique will interact with elevated [CO2] or the 

resulting combined effects on grapevine physiology. 

Elevated [CO2] induces other physiological responses such as reduced 

stomatal conductance and transpiration rates (Leakey et al., 2009; Salazar-Parra et 

al., 2012 and 2015; Flexas et al., 2014) as well as morphological changes like 

reduced stomatal density (Moutinho-Pereira et al. 2009; Rogiers et al., 2011). Such 

changes could further impact water use efficiency and result in greater drought 

tolerance (Wullschleger et al., 2002). Thus, quantifying the stomatal and non-

stomatal responses (e.g. Rubisco carboxylation/oxygenation rates and/or the 

integrity of the photochemical apparatus) behind the interactive effects of drought 

and elevated [CO2], could provide valuable information relevant to the cultivation of 

economically important crops like grapevines. 

Leaf respiration (R) is a second key component to the leaf carbon balance 

and therefore plant growth.   Like photosynthesis, R is also a physiological process 

known to respond to global change (Griffin and Seemann, 1996; Flexas et al., 2006; 

Crous et al., 2012). Functionally leaf respiration is fundamental to plant life, 

sustaining growth and maintenance, ion transport and compartmentalization, 

protein turnover and tissue acclimation to environmental change (Amthor 2000, 

Sharma-Natu and Ghildiyal 2005). Furthermore, although leaf respiration continues 

24 hours a day for as long as the plant is alive, the biochemistry of respiration is 
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reorganized in the light as is the assumed function and use of the respiratory 

products (Tcherkez et al., 2012; Griffin and Heskel, 2013). Thus, it is important to 

quantify both the rates in the dark (Rdark) and in the light (Rlight). Reports investigating 

the response R to elevated CO2 and drought are varied and/or limited, and therefore 

further empirical testing is required to elucidate these responses and quantify the 

impact on grape production. Regarding elevated [CO2], there are studies reporting 

R is stimulated (Davey et al. 2004; Shapiro et al. 2004; Robredo et al., 2010; Crous 

et al., 2012) or inhibited (Reuveni et al., 1995; Gonzàlez-Meler et al., 1996). The 

same is true for the response to drought conditions, where results report increases, 

decreases or even no effect on R (Flexas et al., 2005). Furthermore, it is known that 

Rlight is usually lower than Rdark, with the degree of light inhibition responding 

differently to environmental signals (Tcherkez et al. 2010), such as water availability 

(Ayub et al., 2011; Crous et al., 2012) and CO2 concentration (Shapiro et al. 2004; 

Ayub et al., 2011 and 2014; Crous et al., 2012; Griffin and Turnbull, 2013). Lastly, 

the rates of both Rlight and Rdark have important consequences for plant and 

ecosystem carbon balance as they are a variable proportion of the CO2 assimilated 

by photosynthesis that goes back to the atmosphere (Ayub et al., 2014). Therefore, 

changes in Rlight and Rdark in response to drought and elevated [CO2] must be 

carefully studied to better understand this important physiological process, which 

can influence future grapevine production. 

We consider the interactive effects of elevated [CO2] and reduced water 

availability (PRD application and drought induction) on a variety of important 

physiological and growth traits in grapevine. We stress that it is not possible to 

extrapolate plant responses to combined environmental conditions from the 

response derived from a single condition (Rampino et al., 2012). Thus, we 

undertook an investigation to explicitly answer the following questions: (i) 

Considering the model proposed by Luo et al. (1994), will there be a down-regulation 

of photosynthesis at elevated [CO2] and what role do leaf nitrogen (N) concentration 

and specific leaf weight (SLW) have in this process? (ii) What are the effects of PRD 

under elevated [CO2]? (iii) Can elevated [CO2] delay the negative effects drought on 

grapevines? (iv) and how do Rlight and Rdark respond to drought and elevated [CO2] 

and how much does this impact leaf carbon balance in grapevines? 
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MATERIAL AND METHODS 
 
 
 

Plant material, growth conditions and PRD treatments  

  

Rooted ‘Concord’ (Vitis labrusca) grapevine cuttings were obtained from a 

commercial nursery (Kelly Wholesale Nurseries INC., Phelps, NY, US) and planted 

in two 8.4 L pots, joined one to the other so that the root system could be divided 

equally to prevent moisture exchange between pots. A commercial substrate 

(Miraclo-Gro® Potting Mix) composed of peat moss, forest humus, coconut coir, 

perlite, compost, worm casting and fertilizer (Ammoniacal Nitrogen – 0.12%; Nitrate 

Nitrogen – 0.09%; Available Phosphate, P2O5 – 0.07%; Soluble Potash, K2O – 

0.14% and water soluble iron, Fe – 0.10%) was used. Plants were thinned during 

the experiment to allow for two branches to grow per plant.   Thirty-six plants were 

grown, equally divided, and placed into one of two 1.4 m2 growth chambers 

equipped with the CO2 enrichment package (Percival® model PGC-15, ETA 

Process Instrumentation, Peabody, MA, US) at the Lamont-Doherty Earth 

Observatory of Columbia University, Palisades, NY, USA. Maximum plants’ height 

allowed inside the chambers was 1.2 m. Chambers interior walls were painted with 

highly reflective white powder coating and lighting was provided by a fluorescent 

lamp bank, located ca. 0.7 m above the top of the plants so that light irradiance 

throughout the chambers was uniform.  Conditioned air could move in uniform 

upward direction inside the chambers, that were also fitted with hot gas bypass 

refrigeration system to provide heating and cooling, as well as with ultrasonic 

humidifiers to regulate the relative humidity. Environmental characteristics of the two 

growth chambers were automatically and precisely set using the IntellusUltratm 

Controller (Percival®, Intellus Control System, ETA Process Instrumentation, 

Peabody, MA, US). This software allowed the effective control and monitoring of the 

environmental features such as temperature, relative humidity (RH), lighting and 

[CO2]. Air temperatures were maintained at 22 ± 1°C/11 ± 1 °C (day/night) and 

relative humidity (RH) at 67 ± 1 %/88 ± 3 % (day/night). The photon flux density of 

photosynthetically active radiation was 500 μmol.m-2.s-1 at the top of the plant 

canopy during the entire 13 h photoperiod. During the first six weeks, all plants were 

grown at 400 ppm of [CO2]. Thereon, two [CO2] conditions were applied in the two 
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chambers, 400 ppm and 800 ppm, by adding CO2 from a high-pressure cylinder, or 

scrubbing with soda lime as needed. 

All pots were watered until saturation, 3 days a week, for 6 weeks. 

Thereafter, the plants were exposed to one of three water management treatments: 

(1) full-irrigated - FI: both sides of the rootzone were irrigated 3 days a week to 

saturation; (2) partial rootzone drying - PRD: only one side of the rootzone was 

irrigated to saturation 3 days a week, for 10 days (four irrigation events), whereas 

the other side of the rootzone remained without water. After this period the treatment 

was reversed twice, and the alternate side of the root system received water; (3) 

and non-irrigated - NI: irrigation was suspended for 24 days after initiating 

treatments (DAIT) on both sides of the rootzone. Thus, six replicate plants of each 

water management treatment were grown in each of the two growth chambers with 

different [CO2] (400 ppm and 800 ppm). All analyses (outlined later) were performed 

on one fully expanded leaf from the first and oldest branch, in each replicate.  

To determine the amount of water required to saturate the substrate, both 

pots of one model plant from the same treatment was irrigated with a known volume 

of water to saturation. Outflow from the pot was collected in a graduated cylinder 

and watering was stopped when water was observed to be leaking from the bottom 

of the pots. The difference between the volume of this leaked water and the amount 

water applied was then applied to each pot of the other plants in this treatment. Over 

the first six weeks, this amount of water was applied in both pots for every plant. 

After this initial period the PRD treatments were initiated and irrigation proceeded 

as described above.  

The 10 day duration of the PRD treatment prior to alternating the side of the 

root system irrigated corresponded to the time required for the substrate to dry only 

by evaporative process. This was determined experimentally prior to the initiation of 

the treatments, using a pot full of substrate with no plant, which was irrigated until 

saturation and repeatedly weighed until it reaches a constant mass (Data not 

shown).  

  

Nitrogen concentration, specific leaf weight, and stomatal density 

 

At 24 DAIT, the leaves were collected and their area (cm2) was measured 

using a portable area meter (LI-3000C, Li-Cor, Lincoln, NE, USA). These same 
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leaves were used for determination of abaxial stomatal density.  A thick layer of clear 

nail polish was applied to the abaxial side of each leaf. After the nail polish was dry, 

clear tape was used to carefully peel away the varnish from the leaf. The impression 

was placed on a slide and viewed under 400X magnification in a light microscope 

(Zeiss, Jena South, Thuringia, GE). A representative section of the leaf was chosen 

and the stomata densities were calculated. The same leaves were then dried in an 

air forced ventilation oven at 70°C for 72 h and weighed to determine the leaf dry 

weight (LDW in grams) and then, the specific leaf weight (SLW) (leaf dry mass/leaf 

area). Thereafter, dried leaves were grounded in a ball mill (8000 Mixer Mill, Spex 

samplePrep, Metuchen, NJ, USA) and a range of 2 – 4 mg weighed out in tin 

capsules was analyzed in a CHN analyzer (Elemental Analyzer FlashEA 1112 

series, Thermo Fisher Scientific Inc, Waltham, MA, USA) for total Nitrogen.  

 

Gas exchange 

 

Base line gas exchange parameters were obtained seven days before 

initiating treatments (DBIT) and then two days a week throughout the experiment, 

from the 3rd to the 24th DAIT. Light response curves of net photosynthetic rate (Anet) 

using a Li-Cor 6400xt portable photosynthesis system (Li-Cor Inc., Lincoln, NE, 

USA) were made as described in Shapiro et al. (2004), and taking into consideration 

the precautions of Pons and Welschen (2002). The system incorporated a CO2 

controller which was used to set the [CO2] inside the Li-Cor cuvette so that during 

light response curve measurements, the [CO2] inside the Li-Cor cuvette matched 

the growth [CO2] within each chamber (400 or 800 ppm). The 6 cm2 cuvette was 

fitted with a red–blue light source (6400-02B). The net photosynthetic rate (Anet), 

stomatal conductance (gs) and transpiration rate (E), all at 500 μmol m-2 s-1 

photosynthetic photon flux density (PPFD) were determined from the light response 

curves with 24 levels of PPFD: 1500, 1200, 800, 500, 200, 100, 90, 80, 70 and every 

5 PPFD between 70 and 0 μmol m-2 s-1.  The 500 μmol m-2 s-1 light level was 

previously determined to be the light saturation point and was also the light intensity 

inside the chamber (data not shown). The rate of respiration in the dark (Rdark) was 

taken as the value of Anet at 0 μmol m-2 s-1 PPFD. 

Rate of respiration in the light (Rlight) was estimated using the method 

originally described in Kok (1948), as the y-axis intercept of a first-order linear 
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regression fitted to Anet–irradiance plots to measurements made over the 25–65 

μmol m-2 s-1 irradiance range. All gas exchange data were corrected for the increase 

in intercellular CO2 concentrations (Ci) with decreasing irradiance, which can result 

in reduced rates of photorespiration and increased rates of carboxylation (Villar et 

al. 1994). The correction was applied by adjusting the Rlight through iteration to 

minimize the intercept of photosynthetic electron transport (J) as a function of 

irradiance (Kirschbaum and Farquhar 1987). J was calculated according to 

Farquhar and von Caemmerer (1982): 

𝐽 =  
[(4(𝐴𝑛𝑒𝑡 +  𝑅𝑙𝑖𝑔ℎ𝑡)) (𝐶𝑖 + 2Γ∗)]

(𝐶𝑖 −  Γ∗)
         (1) 

where Γ* is the CO2 compensation point in the absence of Rlight (von Caemmerer 

and Farquhar 1981). Rates of oxygenation and carboxylation by Rubisco (Vo and 

Vc, respectively) at saturating irradiance were also calculated according to Farquhar 

and von Caemmerer (1982): 

𝑉𝑐 =  
1

3
[(

𝐽

4
) + 2(𝐴𝑛𝑒𝑡 + 𝑅𝑙𝑖𝑔ℎ𝑡)]                 (2) 

and 

𝑉𝑜 =  
2

3
[(

𝐽

4
) − (𝐴𝑛𝑒𝑡 + 𝑅𝑙𝑖𝑔ℎ𝑡)]                    (3) 

The effects of varying atmospheric [O2] or [CO2] on oxygenation (Vo) and 

carboxylation (Vc) at saturating light were similarly calculated according to Farquhar 

and von Caemmerer (1982): 

𝑉𝑐 =  
[𝐶𝑂2]𝑉𝑐𝑚𝑎𝑥

[𝐶𝑂2] + 𝐾𝑐 (1 +
[𝑂2]

𝐾𝑜
)

                            (4) 

and 

𝑉𝑐 =  
[𝑂2]𝑉𝑜𝑚𝑎𝑥

[𝑂2] + 𝐾𝑜 (1 +
[𝐶𝑂2]

𝐾𝑐
)

                            (5) 

Equations 4 and 5 used the Rubisco kinetic constants (Kc, Ko and 

Vomax/Vcmax) previously determined by Bernacchi, et al. (2002), and calculated Vcmax 

as: 

𝑉𝑐𝑚𝑎𝑥 =  
𝐴𝑛𝑒𝑡 − 𝑅𝑙𝑖𝑔ℎ𝑡

[𝐶𝑂2]−Γ∗

[𝐶𝑂2]+𝐾𝑐(1+
[𝑂2]

𝐾𝑐
)

                                   (6) 
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Γ * (the CO2 compensation point in the absence of Rlight), depends on the Rubisco 

specificity factor, O2 partial pressure and is calculated according to von Caemmerer 

and Farquhar (1981): 

Γ∗ =  
0.5𝑉𝑜𝑚𝑎𝑥𝐾𝑐[𝑂2]

𝑉𝑐𝑚𝑎𝑥𝐾𝑜
                                        (7) 

Here we use the specificity presented in Cousins et al. (2010), the ambient 

O2 concentration and the temperature response function of Brooks and Farquhar 

(1985) to determine Γ*. All rates of Vo and Vc reported here were calculated at 

ambient CO2 and O2 concentration and PPFD of 500 μmol m-2 s-1 (Vo 500 and Vc 500). 

The degree of light inhibition of respiration was determined by Rlight/Rdark 

ratio. The Anet, gs and E values were used to calculate the water use efficiency 

(WUE) and the intrinsic water use efficiency (iWUE) as the slope of the linear 

relationship between Anet and E or Anet and gs, respectively. In addition, leaf carbon 

balance (LCB) for the experiment was estimated using the following equation: 

𝐿𝐶𝐵 =  
𝐴𝑛𝑒𝑡

(𝑅𝑑𝑎𝑟𝑘 +  𝑅𝑙𝑖𝑔ℎ𝑡)
         (8) 

All gas exchange measurements were taken at a relative humidity of 

approximately 65-75% by manipulating the amount of air passing through a drying 

column prior to entering the leaf cuvette. The Li-Cor cuvette block temperature was 

set to 22°C for all measurements to account for the influences of leaf temperature 

on gas exchange variables. In addition, the flow rate was kept at 300 µmol m-2 s-1. 

Since we aimed to evaluate whether there was down-regulation due to the elevated 

[CO2] (800 ppm) or not, additional gas exchange measurements were performed in 

plants grown under 800 ppm of CO2. Therefore, after obtaining the light response 

curves, Anet for plants grown under 800 ppm of CO2 was determined at a single light 

level of 500 µmol m-2 s-1 and the [CO2] inside the Li-Cor cuvette was set at 400 ppm. 

Thus, we obtained two different Anet values for plants grown under elevated [CO2]: 

one from the light response curves with the [CO2] inside Li-Cor cuvette matching the 

growth [CO2] (800 ppm) and another from the measurements taken with the [CO2] 

inside the Li-Cor cuvette set at 400 ppm. 
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Chlorophyll a fluorescence 

 

Maximum quantum yield of primary photochemistry (Fv/Fm ratio); the 

quantum yield of electron transport (ET0/ABS); the efficiency (ET0/TR0) with which 

a trapped excitation energy can move an electron into the electron transport chain 

further than the Quinone A (QA) and the dissipation per excited cross-section 

(DI0/CS) were measured using a modulated fluorometer model OS30p+ (Opti-

Sciences, Hudson, NH, US) on the same days when gas exchange was measured. 

The leaves were dark-adapted for ca. 30 min using leaf clips (Opti-Sciences, 

Hudson, NH, US), so that all reaction centers of photosystem II (PSII) acquired an 

‘open’ status, and heat loss was minimal (Strasser et al, 2000) and then, a “JIP” 

Test protocol (Strasser et al., 2004) was performed using a single strong pulse of 

light 3 s-1 (3500 μmol m-2 s-1) applied with the aid of the array of red LEDs (650 nm). 

These analyses were performed seven DBIT and then two days a week throughout 

the experiment, from the 3rd to the 24th DAIT. 

 

Statistical analysis 

 

A complete randomized design in a split plot scheme was used with 2 [CO2] 

x 3 water management x 6 replications, totaling 36 plots. Nitrogen concentration, 

stomatal density, SLW, Anet, E, gs, Vc 500, Vo500, Rlight, Rdark, Rlight:Rdark ratio and LCB 

were subjected to analysis of variance tests and the mean pairwise comparisons 

made using the Tukey HSD test at 5% probability. Liner regression slopes for WUE 

and iWUE were calculated. Statistical analysis was made using the software 

ASSISTAT 7.0 BETA. 

 
 
 
 

RESULTS 
 
 
 

Overall, the plants presented the following features at seven DBIT: Anet = 

4.57 ± 0.51 μmol CO2 m-2 s-1; E = 1.51 ± 1.29 mmol H2O m-2 s-1; gs = 0.19 ± 0.02 

mol H2O m-2 s-1; Fv/Fm ratio = 0.64 ± 0.01; ET0/ABS = 0.35 ± 0.06; ET0/TR0 = 0.54 ± 

0.09; DI0/CS = 110.09 ± 18.34. When these data were divided into the respective 
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[CO2] concentration versus water management treatments and subjected to 

variance analysis, no significant differences were found (data not shown), indicating 

that the plants were homogeneous before initiating the treatments. 

 

Nitrogen concentration, specific leaf weight, and stomatal density: 

 

The increase in [CO2] from 400 ppm to 800 ppm influenced leaf N 

concentration. By the end of the experiment, the plants grown under 800 ppm of 

CO2 had a statistically lower N concentration than the plants grown under 400 ppm 

of CO2 (Fig. 1 – A). This 18% reduction in N concentration was larger than the 

observed increase in SLW, which was only 16% higher in plants grown under 

elevated compared to ambient CO2 and was not statistically significant (Fig. 1 – B).  

Stomatal Density was significantly different between the two [CO2] treatments, 

where the leaves of the plants grown under 800 ppm had 25% fewer stomata than 

the plants grown under 400 ppm of CO2 (Fig. 1 - C). Overall, the parameters outlined 

above were not affected by water management treatments (data not shown). 
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Figure 1. Leaf nitrogen concentration (A), specific leaf weight (B) and stomatal 
density (C) of grapevine at 24 DAIT grown under either 400 ppm or 800 ppm [CO2]. 
Each bar represents the mean of 18 replicates. Means followed by different letters 
differ statistically by Tukey’s test at 5 % probability. ns indicates no statistical 
difference. 
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Impacts of elevated [CO2] and different water management on Anet, E, gs 

and water use efficiency 

 

Overall, PRD did not reduce Anet, gs or E, under either 400 ppm or 800 ppm 

of CO2 (Fig. 2 – A, D and G). However, from 13 DAIT onward, PRD plants grown 

under 800 ppm of CO2 did have a significantly higher Anet than the FI plants under 

the same [CO2] (Fig. 2 – B). Water shortage resulted in a decrease in Anet in the NI 

treatments, starting at 13 DAIT for the NI plants grown under 400 ppm, and at 17 

DAIT for the NI plants grown under 800 ppm (Fig. 2 – A and B). By 20 DAIT and 24 

DAIT, respectively, Anet was close to zero in these plants. The decrease in 

photosynthesis was associated with stomata closure, which occurred from 13 DAIT 

for the NI plants grown under 400 ppm, and from 20 DAIT for the NI plants grown 

under 800 ppm (Fig. 2 – D and E). Similarly, there were significant reductions in E, 

starting at 20 DAIT for both CO2 concentrations (Fig. 2 - G and H). 
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Figure 2. Net photosynthetic rate (Anet) (A, B and C), Stomatal Conductance (gs) (D, 
E and F) and Transpiration (G, H and I) of grapevine grown under three water 
management treatments - Full-irrigated (FI); partial rootzone drying (PRD) and non-
irrigated (NI) - and either 400 ppm (A, D and G) or 800 ppm [CO2] (B, E and G) - 
and the mean CO2 effect regardless water management treatment (C, F and I). Each 
point represents the mean of 6 (A, B, D, E, G and H) or 18 (C, F and I) replicates. 
Means followed by different letters differ statistically by Tukey’s test at 5 % 
probability within the same day. ns indicates no statistical difference. 



35 
 

 
 

Regardless of water management treatments, from 13 DAIT onward, plants 

under 800 ppm of CO2 had significantly higher Anet than the plants grown under 400 

ppm of CO2. However, these increases in Anet with to a doubling of [CO2] were only 

ca. 24% higher (Fig. 2 – C). Additionally, the increase on Anet was observed only 

when the measurement [CO2] matched the growth [CO2] (Fig. 2 - C and Fig. 3 - A 

and B). Plants grown under 800 ppm of CO2 had lower Anet when measured at 400 

ppm of CO2 than at 800 ppm and this rate was lower than that in plants grown and 

measured at 400 ppm of CO2. These reductions were ca. 43% and 52%, 

respectively, throughout the experiment, indicating a down-regulation of Anet. The 

plants grown under 800 ppm of CO2 showed significantly lower gs throughout all the 

experiment, and often significantly lower E, compared to the plants grown under 400 

ppm of CO2 (Fig. 2 – C, F and I). 

 
 
 

 
 
 

Figure 3. Down-regulation effects: Net photosynthetic rate (Anet) of grapevine 
measured at either 400 or 800 ppm of CO2, for the plants grown under 800 ppm of 
CO2 (A) and measured at 400 ppm for plants grown under either 400 or 800 ppm of 
CO2 (B). Each point represents the mean of 18 replicates. Means followed by 
different letters differ statistically by Tukey’s test at 5 % probability within the same 
day. ns indicates no statistical difference. 
 
 
 

Within the same CO2 concentration, both, WUE and iWUE were higher for 

the PRD treatments (WUE = 2.08 and 4.27 µmol CO2/mmol H2O-1 and iWUE = 18.45 
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and 33.95 µmol CO2/mol H2O-1, for plants grown under 400 and 800 ppm of CO2, 

respectively) and for the NI treatments (WUE = 3.71 and 6.05 µmol CO2/mmol H2O-

1 and iWUE = 25.02 and 60.51 µmol CO2 / mol H2O-1 for plants grown under 400 

and 800 ppm of CO2, respectively), when compared to FI treatments (WUE = 1.01 

and 3.04 µmol CO2/ mmol H2O-1 and iWUE = 7.72 and 30.45 µmol CO2/ mmol H2O-

1 for plants grown under 400 and 800 ppm of CO2, respectively) (Fig. 4). Plants 

grown under 800 ppm of CO2 had higher values of WUE and iWUE than the 

correspondent 400 ppm CO2 treatments with the same irrigation treatment (Fig. 4).  
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Figure 4. Water Use Efficiency (WUE) (A and C) and Intrinsic Water Use Efficiency 
(iWUE) (B and D) of grapevine grown under either – 400 (A and B) or 800 ppm [CO2] 
(C and D) - and three water management treatments - Full-irrigated (FI); partial 
rootzone drying (PRD) and non-irrigated (NI). Each point represents one unit of data 
collected over the experimental period. 
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Rubisco carboxylation/oxygenation rates 

 

Rubisco carboxylation rate at 500 μmol m-2 s-1 PPFD (Vc 500) did not differ 

between the FI and PRD treated plants grown under 400 ppm of CO2. However, at 

800 ppm of CO2, the PRD plants had significantly higher Vc 500 than the FI plants 

from 17 to 24 DAIT. As expected, there was a reduction in Vc 500 of NI plants 

compared to plants from the FI and PRD treatments. These reductions began at 13 

and 17 DAIT for the NI plants grown under 400 and 800 ppm of CO2, respectively, 

reaching the lowest values at 24 DAIT (0.5 and 1.5 μmol.m-2.s-1, respectively) (Fig. 

5 – A and B). The reduction in Vc 500 in NI plants grown under 400 ppm of CO2 

reduced the overall mean Vc 500 of all plants grown under 400 ppm of CO2 at 13 and 

17 DAIT regardless of water management (ca. 14.5% reduction, Fig. 6 - A). 

However, when only FI plants were compared, from 17 DAIT onward, Vc 500 was ca. 

19 ± 3% lower in the plants grown under 800 ppm of CO2 (Fig. 6 – B). 
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Figure 5. Rubisco carboxylation (Vc 500) (A and B) and oxygenation (Vo 500) (C and 
D) of grapevine grown under three water management treatments - Full-irrigated 
(FI); partial rootzone drying (PRD) and non-irrigated (NI) - and either 400 ppm (A 
and C) or 800 ppm [CO2] (B and D). Each point represents the mean of 5 replicates. 
Means followed by different letters differ statistically by Tukey test at 5 % probability 
within the same day. ns indicates no statistical difference. 
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Figure 6. Rubisco carboxylation (Vc 500) for all water management treatments (A) 
and Full-irrigated (FI)(B) and oxygenation (Vo 500) for all water management 
treatments (C) of grapevine grown under either 400 ppm or 800 ppm [CO2]. Each 
point represents the mean of 15 (A and C) or 5 (B) replicates. Means followed by 
different letters differ statistically by Tukey’s test at 5 % probability within the same 
day. ns indicates no statistical difference. 
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Overall, the calculated rate of Rubisco oxygenation at 500 μmol m-2 s-

1PPFD (Vo 500) did not differ between the FI and PRD treated plants grown under, 

either 400 or 800 ppm CO2 (Fig. 5 - C and D). In the NI plants, Vo 500 was significantly 

reduced relative to the FI and PRD treated plants (under the same CO2 

concentration) (Fig. 5 - C and D). These effects appeared on the same days as the 

reduction in Vc 500, reaching values close to zero at 24 DAIT (Fig. 5 – C and D). 

Throughout the experiment, regardless of water management treatments, Vc 500 in 

plants grown under 800 ppm of CO2 was 49 ± 3% lower than in plants grown under 

400 ppm CO2 (Fig 6 – C). 

 

Chlorophyll fluorescence responses 

 

Generally, there were no significant interactions between irrigation 

treatments and growth CO2 concentrations on chlorophyll a fluorescence.  Similarly, 

there were no overall differences in fluorescence between FI and PRD treatments 

(data not shown). Effects of the growth CO2 concentration on the biophysical 

parameters of the Chlorophyll a Fluorescence (JIPtest - Strasser et al., 2000) are 

shown in Fig. 7. Beginning 6 DAIT, the Fv/Fm of all treatments were low and 

remained so throughout the duration of the experiment, probably due to the 

relatively low light intensity inside the growth chambers (500 μmol m-2 s-1). Fv/Fm 

averaged 0.71 ± 0.003 for plants grown under 400 ppm of CO2 and 0.69 ± 0.008 for 

plants grown under 800 ppm of CO2. At 10, 13, 17 and 20 DAIT, the plants grown 

under 800 ppm of CO2 had ca. 4.2% lower Fv/Fm compared to the plants grown 

under 400 ppm of CO2 (Fig. 7 - A). Similarly, at 6, 10, 13, 17 DAIT, plants grown 

under 800 ppm of CO2 had ca. 17.0% lower ET0/ABS and ca. 12.7% lower ET0/TR0 

than the plants grown under 400 ppm of CO2 (Fig. 7 – B and C). Concomitantly, the 

plants grown under 800 ppm had a significantly higher DI0/CS0 at 6, 10, 13, 20, 24 

DAIT (ca. 24.70%) (Fig. 7 - D). Thus, regardless of irrigation treatment, there is a 

trend in all parameters for the plants grown under 800 ppm of CO2 having less 

efficiency in the flow of energy through PSII. 
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Figure 7. Maximum quantum yield of primary photochemistry (Fv/Fm ratio) (A); the 
quantum yield of electron transport (ET0/ABS) (B); efficiency (ET0/TR0) with which a 
trapped exciton can move an electron into the electron transport chain further than 
the Quinone A (QA) (C); dissipation per excited cross-section (DI0/CS) (D) of 
grapevine grown under either 400 ppm or 800 ppm [CO2]. Each point represents the 
mean of 18 replicates. Means followed by different letters differ statistically by 
Tukey’s test at 5 % probability within the same day. ns indicates no statistical 
difference. 
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Leaf respiration and carbon balance responses to elevated [CO2] and 

different water management 

 

No significant differences were found between FI and PRD treatments for 

Rdark or Rlight throughout the experiment, at either [CO2]. However, full water 

restriction (NI) caused a distinct change in Rdark and Rlight values. NI plants grown 

under 400 ppm of CO2, at 13, 17 and 20 DAIT, showed significantly higher values 

of Rdark and Rlight than FI and PRD treatments under the same CO2 concentration, 

reaching values of Rdark and Rlight at 17 DAIT that were 62 and 69% higher, 

respectively. However, no difference was found among treatments at 24 DAIT. 

Similarly, NI plants grown under 800 ppm of CO2, at 20 DAIT, presented values of 

Rdark and Rlight 64 and 63% higher than FI and PRD treatments, respectively, under 

the same CO2 concentration. By 24 DAIT, these differences were 45%, showing the 

same trend observed in the plants grown under 400 ppm of CO2 (Fig. 8 – A, B, D 

and E). 
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Regardless of the irrigation treatment, at 3, 6, 13 and 17 DAIT, Rdark was 

significant lower (ca. 37%) in plants grown under 800 ppm CO2. This same pattern 

was observed for Rlight from 3 to 17 DAIT (ca. 44% lower) (Fig. 8 – C and F). No 

differences among water management treatments were found for Rlight:Rdark, at both 

[CO2] (data not shown). However, from 3 to 17 DAIT, the degree of light inhibition of 

R increased significantly (ca. 18%) in the plants grown under 800 ppm of CO2, 

compared to the plants grown under 400 ppm of CO2 (Fig. 9). 

 
 
 

 

 
 

Figure 9. Light inhibition of respiration (Rlight:Rdark) of grapevine grown under either 
400 ppm or 800 ppm [CO2]. Each point represents the mean of 10 replicates. Means 
followed by different letters differ statistically by Tukey’s test at 5 % probability within 
the same day. ns indicates no statistical difference. 
 
 
 

Water shortage resulted in a decrease in LCB in the NI treatments, starting 

at 13 DAIT for the NI plants grown under 400 ppm, and at 20 DAIT for the NI plants 

grown under 800 ppm (Fig. 10 – A and B). At both 17 and 24 DAIT, PRD plants 

grown under 800 ppm of CO2 had a significantly higher LCB than the FI plants under 

the same [CO2] (Fig. 10 – B). Regardless of water management treatments, from 3 

to17 DAIT, plants under 800 ppm of CO2 presented significantly higher LCB (ca. 

39%) than the plants grown under 400 ppm of CO2 (Fig. 10 – C). 
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Figure 10. Leaf Carbon Balance (LCB – Anet/(Rdark + Rlight)) of grapevine grown under 
three water management treatments - Full-irrigated (FI); partial rootzone drying 
(PRD) and non-irrigated (NI) - and either 400 ppm (A) or 800 ppm [CO2] (B) - and 
the mean CO2 effect regardless water management treatment (C). Each point 
represents the mean of 5 (A and B) or 15 (C) replicates. Means followed by different 
letters differ statistically by Tukey’s test at 5 % probability within the same day. ns 
indicates no statistical difference. 
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DISCUSSION 
 
 
 

Down-regulation of Anet is predicted by leaf N concentration and SLW  

 

As a C3 plant, the net photosynthesis of grapevines grown under twice 

ambient [CO2] might be expected to increase (Salazar-Parra et al., 2012; Salazar-

Parra et al., 2015). However, these increases are not always as large as expected, 

and instead Anet is considered down-regulated (Luo et al., 1994, Griffin and 

Seemann, 1996). To more readily predict photosynthetic acclimation to growth in 

elevated [CO2], Luo et al., (1994) proposed a model that postulates when elevated 

[CO2] results in changes in SLW that are larger than the decreases in leaf N 

concentration, photosynthesis will be up-regulated, whereas when the decrease in 

the leaf N concentration is larger than the increase in SLW, photosynthesis is 

predicted to be down-regulated. Our results are broadly supportive of this model. 

We observed larger reduction in N concentration than the increase in SLW (Fig. 1 – 

A and B) and this resulted in an increment in Anet of only ca. 24% when [CO2] was 

doubled (Fig. 2 – C). This increase in Anet does not match the maximum potential 

increase (~50%), and thus can be considered down-regulated (Long, 1991; Drake 

et al., 1997; Moore et al., 1999; Long et al., 2004, Salazar-Parra et al., 2012). In 

addition, observed lower Anet of grapevines grown under elevated CO2, but 

measured at 400 ppm of CO2 (Fig. 3) also suggests an apparent down-regulation of 

the photosynthetic apparatus (Epron et al, 1995). Thus, leaf N concentration can be 

considered a central point to the down-regulation of grapevine Anet in response to 

growth in elevated [CO2]. 

The most reasonable explanation of the importance of leaf N concentration 

in predicting Anet down-regulation is the large fraction of leaf N in the photosynthetic 

apparatus.  Chlorophyll molecules and Rubisco, are the most substantial nitrogen 

investments in the plant (Griffin and Seemann, 1996; Zhang et al. 2008, Sage, 

2013). Any compromise in leaf N concentration can affect the functions performed 

by Rubisco and chlorophyll molecules, affecting the photosynthetic apparatus and 

the rate of carbon fixation. In the present work, plant growth under increased [CO2] 

not only decreased leaf N concentrations, but also led to reductions in enzyme 

activity.  Both Vo 500 (Fig. 6 - C) and in Vc 500 in FI grapevines (Fig. 6 – B) were 



48 
 

 
 

significantly reduced. In addition, plant growth in elevated [CO2] resulted in a trend 

in chlorophyll a fluorescence that indicates a lower photochemical efficiency. We 

found that PSII efficiency was reduced, due to an increase in energy dissipation 

(DI0/CS0) and declines in both quantum yield of electron transport (ET0/ABS) and 

maximum quantum yield of primary photochemistry (Fv/Fm), as well as reductions in 

plastoquinone (PQ) pool and the inhibition of QA− reoxidation (ET0/TR0) (Fig. 7) 

(Strasser et al., 2000; Force et al., 2003; Strauss et al., 2006). These results further 

support a key role for leaf N concentration in explaining why Anet did not reach its 

maximum potential with a doubling of the growth [CO2]. Thus, the reduction in leaf 

N concentration when grapevines are grown under elevated [CO2] can be 

responsible for the metabolic limitations to carboxylation efficiency due to reduced 

carboxylation activity and/or Rubisco amount, as previously reported (Escalona et 

al. 1997; Urban, 2003; Aranjuelo et al., 2005; Lambreva et al., 2005; Erice et al., 

2006), as well as for decreasing photochemical energy production, that is essential 

to carboxylation reactions (Hymus et al., 2001) and hence, for the occurrence of the 

down-regulation of Anet. 

The reduction in leaf N concentration observed in the present work, may be 

a consequence of the trend in increasing the SLW (Fig. 1 – B). It is likely that the 

increase in SLW in response to elevated [CO2], is the result of greater cell 

enlargement and carbohydrate accumulation (Maroco et al. 2002; Ellsworth et al., 

2004; Moutinho-Pereira et al., 2009).  These two factors in turn may have caused N 

dilution within the leaves. Thus, this relationship between leaf N concentration and 

SLW holds with, and explains the effectiveness of the model proposed by Luo et al. 

(1994) when applied to grapevine cultivation.  In summary, Anet down-regulation 

under elevated [CO2] was a result of reductions in Rubisco content and/or total 

Rubisco activity, and of changes in the photochemical apparatus leading to reduced 

efficiency, especially in PSII. These physiological responses are linked to, and 

predicted by, N dilution within the leaves and a trend toward higher SLW. 

 

Potential use of PRD under elevated atmospheric [CO2] 

 

Atmospheric [CO2] is predicted to increase dramatically until the end of the 

century (IPCC, 2014) causing changes in precipitation patterns (Kimball et al., 2001) 

and decreases in soil moisture content of up to 70% (Schultz, 2000). For these 
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reasons, water-saving irrigation techniques, such as PRD, will become very 

valuable to maintain crop production in the future. Thus, one aim of our study was 

to analyze the potential benefits of the use of PRD techniques under elevated 

atmospheric [CO2]. 

Our results are very promising, demonstrating PRD treated plants grown 

under 800 ppm of CO2 can achieve higher Anet (Fig. 2 – B), Vc 500 (Fig. 5 - B) and 

LCB (Fig. 10 – B) than FI plants at the same [CO2]. In addition, no difference was 

found between PRD and FI treatments for Vo 500 (Fig. 5 - D). Thus, under 800 ppm 

of CO2, Rubisco carboxylation rate efficiency is increased with PRD (compared to 

FI and NI at the same [CO2]). As a consequence, both Anet and LCB are increased. 

By contrast, there was no evidence of either photochemical or stomatal effects, with 

no significant differences between FI and PRD treatments in Chlorophyll a 

Fluorescence parameters (data not shown) or in gs (Fig. 2 - E). 

This increase in Anet in the PRD plants grown under 800 ppm of CO2 led to 

a positive effect on WUE and iWUE (Fig. 4), despite the lack of significant 

differences between FI and PRD treated plants for gs and E (Fig. 2 – E and H). 

Curiously, PRD in grapevines is usually associated to larger reduction in gs and E 

than in Anet, resulting in increased iWUE (Gaudillère et al., 2002; Chaves et al., 2004, 

2007; de Souza et al., 2004, 2005; Pou et al., 2012) and WUE (Stoll et al., 2000; de 

Souza et al., 2005; Chaves et al., 2007). However, this trend was not observed 

under either [CO2] in our work. In addition, Anet of PRD treated plants was maintained 

at 400 ppm of CO2 (Fig. 2–B), as well as greater WUE and iWUE were also observed 

for PRD treated plants in relation to FI under the same [CO2] (Fig. 4). Thus, our 

results highlight the potential of the PRD technique to save water under both 

ambient and elevated [CO2].  This is particularly true under 800 ppm of CO2, where 

PRD use seems to contribute to an improved overall carbon gain.  For these reasons 

we urge the further evaluation and use of PRD treatments in grapevine cultivation. 

 

Elevated [CO2] and drought tolerance 

 

 Elevated [CO2] dramatically increased drought tolerance of grapevines. The 

reduction in Anet in NI plants (Fig.2 – A and B), that is associated with decreases in 

gs and E (Fig. 2 – D, E, G and H), was delayed for 4 days when plants were grown 

in elevated [CO2]. This delay in the reduction of Anet can be explained by the fact 
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that plants grown under 800 ppm of CO2 had lower values of gs and E than the 

plants grown under 400 ppm of CO2 (Fig. 2. – F and J), and thus, water depletion in 

the root zone developed at a slower rate (Grossman-Clarke et al., 2001; Robredo 

et al., 2007). As a result, the eventual decrease of Anet due to drought, was delayed 

(Long et al. 2004; Ainsworth and Rogers 2007, Albert et al. 2011). In addition, we 

found that growth in elevated CO2 also resulted in a significant reduction in stomatal 

density (Fig. 1 - C), which further contributed to the reduction in water loss. When 

combined, these effects of elevated CO2 on the various stomatal responses resulted 

in higher values of WUE and iWUE compared to the plants grown under 400 ppm 

of CO2 and with the same irrigation treatments (Fig. 4). The highest Anet and the 

lowest gs and E values (Fig. 2) resulted in higher WUE and iWUE of the plants grown 

under 800 ppm of CO2, as observed by Salazar-Parra et al. (2012 and 2015) in 

grapevine. However, we also find that drought tolerance due to elevated [CO2] in 

grapevines is not solely related to stomatal responses but includes changes in 

photosynthetic and respiratory physiology. 

Withholding water resulted in reductions in both Vc 500 and Vo 500 (Fig. 5) 

throughout the experiment, and both reductions were delayed in plants grown in 

elevated [CO2]. It is likely that, in the present work, as a consequence of drought, 

there was a decrease in Rubisco regeneration (Giménez et al. 1992; Lawlor and 

Tezara, 2009) and/or the accumulation of Rubisco degradation products (Vincent et 

al., 2007), leading to the observed reductions in both Vc 500 and Vo 500 (Fig 5– A, B, 

D and E). However, the slower rate of water depletion in the rootzone resulting from 

fewer and more closed stomata at 800 ppm of CO2, may have reduced the negative 

effects of slowed Rubisco regeneration and/or accumulation of Rubisco degradation 

products that normally occur with drought, and thereby delaying the onset of 

negative effects.  

 

Changes in Leaf Respiration in response to drought and elevated [CO2] 

 

Our study further evaluated how Rlight and Rdark responded to drought and 

elevated [CO2] in grapevines to gain a more complete understanding of the 

physiological control of leaf carbon balance. We found that water stress caused 

significant changes in both Rdark and Rlight. NI plants initially showed an increase in 

Rdark and Rlight relative to FI and PRD treatments, followed by a reduction at the 24th 
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DAIT (Fig. 8 A, B, D and E). Increased leaf respiration under drought is likely to have 

been caused by hormonal changes, senescence, accumulation of proline and other 

compatible solutes, as well as a general change in plant metabolism (Flexas et al., 

2005). In addition, leaf respiration is strongly enhanced by increased leaf 

temperature (Zufferey et al. 2000), a condition occurring under drought due to 

stomatal closure, as observed in the present work (Fig. 2 – E and F). Moreover, 

decreases in leaf respiration, as drought became more intense, was probably the 

result of reductions in cell expansion, cell wall synthesis, protein synthesis and, as 

observed in the present work, photosynthesis (Flexas et al., 2005; Gimeno et al., 

2010) and stomatal conductance. Thus, regardless of [CO2], drought likely lead to 

both a reduction in demand for the products of leaf respiration and the production of 

Tricarboxylic acid cycle (TCA) substrates, such as glucose, by reduced Anet (Fig. 2 

– A and B). 

Plants grown in elevated CO2 also differed from 400 ppm CO2 grown 

grapevines in the rates of carbon flux through leaf respiration. In general, under 800 

ppm of CO2, both Rdark and Rlight were lower than the plants grown under 400 ppm 

of CO2 (Fig. 8 – C and F). Reductions in Rdark and Rlight under elevated [CO2] are 

usually attributed to changes in the cytochrome and/or alternative pathway ratios as 

well as reduced energy demand for carbohydrate translocation (Gonzáles-Meler et 

al., 2004). In addition, according to Crous et al. (2012), both Rdark and Rlight are 

positively related to N concentration so that, in our work, the Rdark and Rlight 

decreases matched the lowest leaf N concentration under 800 ppm of CO2 (Fig. 1 – 

A). The degree of light inhibition of respiration of the plants grown under 800 ppm 

of CO2 was also higher than the plants grown under 400 ppm of CO2 (Fig. 9). It is 

important to highlight that under 800 ppm [CO2] Vo 500 was also reduced (Fig. 6 – C) 

and, as previously reported by Tcherkez et al. (2008) and Griffin and Turnbull 

(2013), conditions which suppress Vo 500 can also increase the degree of light 

inhibition of respiration, due to a decrease in the demand for TCA cycle substrates 

associated with the recovery of photorespiratory cycle intermediates in the 

peroxisome. However, such relationships between Vo 500 and Rlight:Rdark seems to 

solely be related to elevated [CO2], since the reductions in Vo 500 in response to 

drought (Fig. 5 – C and D) did not result in such consequences in Rlight:Rdark in either 

[CO2] (data not shown). 
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Studying the physiological control of leaf carbon balance through the 

estimation of the amount CO2 assimilated by photosynthesis that is released to the 

atmosphere by respiration (LCB) is important, since higher LCB values typically 

represent more carbon available for plant growth (Flexas et al., 2006, Escalona et 

al., 2012, Ayub et al., 2014). Net leaf carbon gain estimated from leaf photosynthesis 

alone typically overestimates grapevine responses to a range of growth conditions 

(Escalona et al., 2012). Thus, the higher LCB observed in plants grown under 

elevated [CO2] (Fig. 10 – C) in the present work is relevant to grapevine cultivation. 

Improved LCB could be advantageous to grapevine growth and development, since 

starch stored within grapevines’ tissues at the end of the current season are crucial 

to early season growth the following season (Greer and Sicard, 2009). Moreover, 

under water shortage, respiration rates rarely decrease up to 100%, whereas 

photosynthesis does, resulting in a progressively decreased carbon balance (Flexas 

et al. 2006). We found the decrease in LCB was delayed under elevated [CO2] for 7 

days (Fig. 10 - A and B). Reductions in the LCB can be a main cause of reduced 

plant growth under drought conditions (Flexas et al., 2006).  Importantly growth in 

elevated [CO2] appears to mitigate or delay the deleterious effects of drought on 

grapevines through the maintenance of the LCB.  

 
 
 
 

CONCLUSIONS 
 
 
 

Our work demonstrates that: (i) the down-regulation of Anet under elevated 

[CO2] is caused by reductions in Rubisco content and/or total activity, and by 

reductions in the efficiency of the photochemical apparatus due to N dilution within 

leaves with a higher SLW. These findings suggest a physiological explanation of the 

Luo et al. (1994) model and demonstrate the models’ effectiveness; (ii) Under 800 

ppm of CO2, efficiency of Rubisco carboxylation is increased by PRD, leading to an 

increase in Anet and hence, greater WUE and iWUE. These responses do not appear 

to be related to photochemical or stomatal effects; (iii) Elevated [CO2] can delay 

drought effects on Anet and Rubisco activity by reducing gs, E and stomatal density; 

(iv) Leaf respiration responses depend on drought level and (v) Conditions that 

reduce N concentration, such as elevated [CO2], also reduce Rdark and Rlight. 
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Rlight:Rdark is intensified under elevated [CO2], a condition that also reduced Vo500. 

Overall, elevated [CO2] improves the LCB and this mitigates the deleterious effects 

of drought on grapevines. The effects of elevated CO2 levels on grapevine 

physiology with different water management strategies needs our continued 

attention as the effective the cultivation of grapevines is likely to be affected by 

current and future global change. 
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4.  CHAPTER 2 
 
 
 

DEFICIT IRRIGATION AND TRANSPARENT PLASTIC COVERS CAN SAVE 

WATER AND IMPROVE GRAPEVINE CULTIVATION IN THE TROPICS 

 
 
 
 

ABSTRACT 
 
 
 

This study examines the interactive effects of deficit irrigation and 

transparent plastic covering (TPC) on key physiological traits in tropically grown 

grapevines. ‘Niagara Rosada’ grapevine (Vitis labrusca) were subjected to both 

Regulated Deficit Irrigation (RDI) and Partial Rootzone Drying (PRD) while being 

grown under a TPC to address the following questions: (i) Does the grapevine 

present anisohydric or isohydric behavior? (ii) How does deficit irrigation affect leaf 

water potential (Ψ)? (iii) Can RDI and PRD improve whole plant water use 

efficiency? (iv) How does deficit irrigation affect leaf photochemical and biochemical 

capacity? (v) What are the effects of deficit irrigation on leaf respiration and leaf 

carbon balance? (vi) Is it possible to save water without affecting yield and fruit 

quality? (vii) Is TPC a good strategy to cultivate grapevine in Tropical conditions? 

Three water management techniques were applied: full-irrigated (FI): 100% of the 

crop evapotranspiration (ETc) was supplied to both sides of the root system; RDI: 

50% of the ETc was supplied to both sides of the root system; and PRD: 50% of ETc 
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was alternately supplied to only one side of the root system, whereas the other side 

of the rootzone remained without water.  These irrigation treatments were replicated 

such that the two plots were either covered by a polyethylene plastic structure or 

remained uncovered. We found that: (i) ‘Niagara Rosada’ grapevine presented 

anisohydric behavior, (ii) deficit irrigation did not affect leaf Ψ; (iii) Neither RDI nor 

PRD had a significant effect on intrinsic (Anet/gs) or water use efficiency (Anet/E) (iv) 

no limitations by the carboxylation reactions of photosynthesis or Rubisco 

oxygenation (Vo 1500) were observed, and photochemical capacity was not inhibited; 

(v) Leaf respiration rates in the light or in the dark were not affected by either RDI 

or PRD and therefore deficit irrigation did not damage the leaf carbon balance in 

‘Niagara Rosada’; (vi) a considerable volume of water was saved when either RDI 

or PRD was used, without affecting yield or fruit quality; (vii) the use of TPC can be 

an effective strategy for growing ‘Niagara Rosada’ grapevine in Tropical conditions. 

Keywords: chlorophyll a fluorescence; leaf carbon balance; light inhibition of 

respiration; rubisco oxygenation/carboxylation rates; photosynthetic capacity; water 

use efficiency;  

 
 
 
 

RESUMO 

 
 
 

Este estudo avaliou os efeitos interativos do uso do deficit de irrigação e de 

cobertura plástica transparente (TPC) em importantes parâmetros fisiológicos de 

videira cultivada em condições tropicais. A videira ‘Niagara Rosada’ (Vitis labrusca) 

foi submetida a deficit de irrigação regulado (RDI) e a irrigação parcial do sistema 

radicular (PRD) sob TPC para responder as seguintes questões: (i) Tal videira 

apresenta um comportamento anisohídrico ou isohídrico? (ii) Como o deficit de 

irrigação afeta o potencial hídrico foliar (Ψ)? (iii) RDI e PRD aumentam a eficiência 

no uso da água? (iv) Como o deficit de irrigação afeta a capacidade fitoquímica e 

bioquímica? (v) Quais são os efeitos do deficit de irrigação sobre a repiração foliar 

e o balanço de carbono? (vi)  É possível economizer água sem afetar a 

produtividade e qualidade de frutos? (vii) A TPC é uma boa estratégia para o cultivo 

de videira em condições tropicais? Três manejos de irrigação foram aplicados em 
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videiras crescidas em condições tropicais [totalmente irrigados (FI) – 100% da 

evapotranspiração da cultura (ETc) era fornecida em ambos os lados do sistema 

radicular; RDI – 50% da ETc era fornecido em ambos os lados do sistema radicular; 

PRD – 50% da ETc era fornecido em apenas um dos lados do sistema radicular, 

enquanto que o outro lado permanecia sem ser irrigado]. Tais tratamentos de 

irrigação foram replicados tanto em uma área coberta por estrutura plástica de 

polietileno (TPC) como em uma área que não apresentava tal cobertura. Nós 

encontramos que: (i) a videira ‘Niagara Rosada’ apresentou um comportamento 

anisohídrico; (ii) o déficit de irrigação não afetou Ψ; (iii) RDI e PRD não tiveram 

efeitos significativos tanto na eficiência intrínseca (Anet/gs) como na eficiência no 

uso da água (Anet/E); (iv) Limitações nas reações de carboxilação da fotossíntese 

ou nas taxas de oxigenação da Rubisco (Vo 1500) não foram observadas e a 

capacidade fotoquímica não foi inibida; (v) as taxas de respiração foliar na luz e no 

escuro não foram afetadas tanto pelo RDI como pelo PRD e, consequentemente, o 

uso de déficit de irrigação não contribuem negativamente para o balanço de 

carbono foliar em ‘Niagara Rosada’; (vi)  um volume considerável de água foi 

economizado quando tanto RDI como PRD foram utilizados sem afetar 

negativamente a produtividade e qualidade de frutos; (vii) o uso da TPC porde ser 

uma estratégia efetiva para cultivar a videira ‘Niagara Rosada’ em condições 

tropicais. 

Palavras-chave: balanço de carbono foliar; capacidade fotossintética; eficiência no 

uso da água; fluorescência da clorofila a; inibição da respiração pela luz; taxas de 

oxigenação/carbolixilação da rubisco. 

 
 
 
 

INTRODUCTION 
 
 
 

Grapevines are the most widely cultivated fruit in the world and are grown 

on nearly every continent (FAOSTAT, 2014).  However, grapevine production is 

water intensive and water shortage is the most significant limiting factor of crop 

production worldwide (FAOSTAT 2014). The future of sustainable grapevine 

cultivation is likely to require expansion to more favorable locations, or a major 
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reduction in water use (Flexas et al., 2016).  While grapevines can be grown in 

tropical areas, such as in Brazil the climatic conditions can be even more 

problematic (Permanhani et al., 2016) due to the intense irregularity of precipitation 

patters. Given the requisite climatic conditions and predicted effects of global 

warming (IPCC 2014), the future of grapevine cultivation is uncertain, and the use 

of alternative irrigation techniques such as Regulated Deficit Irrigation (RDI) and 

Partial Root-zone Drying (PRD) should be explored. 

RDI and PRD are two specific deficit irrigation techniques that tune water 

availability temporally (specific timing of the application - RDI) or spatially 

(alternating dry–wet zones - PRD) (Chaves et al., 2010). Under RDI, the water is 

supplied at levels below that required for full crop evapotranspiration (ETc) during 

specific phenological stages, particularly after fruit set when fruit growth is less 

sensitive to reductions in water supply (Chaves et al. 2010, Tarara and Peña 2015). 

This technique was designed to optimize fruit number, size and quality by balancing 

vegetative growth and potential for production (Poni et al. 2009, Chaves et al. 2010). 

By contrast, under PRD, the two sides of the grapevines’ root system are alternately 

irrigated providing a spatial reduction in water availability. PRD can induce the 

synthesis of abscisic acid (ABA) by roots in the dried half of the rootzone, and lead 

to partial stomatal closure without reducing overall leaf water status (Stoll et al. 

2000, Dry and Loveys 1998, Antolín et al. 2006, 2008). Such reductions in stomatal 

conductance and transpiration are typically larger than the decrease in net 

photosynthesis, and thus increase water use efficiency without impairing plant 

development, yield or fruit quality (de Souza et al. 2005, Chaves et al. 2007, Pou et 

al. 2012).  

 Although both RDI and PRD systems can improve water use in plants, 

deficit irrigation responses in grapevines are dependent on specific stress 

‘tolerance’ or ‘avoidance’ mechanisms (Schultz 2003). Grapevines can have either 

isohydric or anisohydric behavior depending on the stomatal control strategy 

presented in response to changes in air vapor pressure deficit (VPD) and/or water 

availability in the soil (Schultz 2003, Soar et al. 2006, Chaves et al. 2010, Tomás et 

al. 2014 Lavoie-Lamoureux et al. 2017). In isohydric plants, ABA accumulation in 

leaves promotes stomata closure early in response to either decreased water 

content in the soil or increased VPD, so that leaf water potential (Ψ) remains 

unchanged or slightly decreases (Schultz 2003, Poni et al. 2007, Lovisolo et al. 
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2010, Pou et al. 2012, Flexas 2016, Lavoie-Lamoureux et al. 2017). However, foliar 

ABA can also limit leaf gas exchange over the long-term, by preventing stomatal 

recovery upon rewatering and resulting in the down-regulation of transpiration. 

Isohydry may favor embolism repair and preserves water under conditions of 

fluctuating water availability and repeated drought (Tombesi et al. 2015). On the 

other hand, anisohydric plants have a high tolerance to reduced water availability 

and do not significantly modify stomatal apertures as Ψ varies (Rogiers et al. 2012, 

Palliotti et al. 2015, Lavoie-Lamoureux et al. 2017). It has been reported that such 

iso/anisohydric behavior is influenced by the specific ambient growth conditions, 

such as hydraulic resistances within the soil-plant system, plant age and climate 

(Schultz 2003, Lovisolo et al. 2010, Chaves et al. 2010, Hochberg et al. 2013). 

Currently there is a demand for knowledge about the ecophysiological responses of 

grapevine cultivars to a reduction in water availability (Chaves et al. 2010, Flexas et 

al. 2010, 2016, Lavoie-Lamoureux et al. 2017), especially under tropical conditions.  

Limitations to plant growth and crop yield imposed by water availability are 

mainly due to reductions in the carbon balance, and therefore dependent on the 

equilibrium between photosynthesis and respiration (Poni et al. 2009, Flexas et al. 

2006). Viticultural methods for reducing water losses through stomata closure 

without resulting in concomitant reductions in CO2 uptake are desired. More 

specifically, improving the metabolic efficiency of photosynthesis by increasing 

Rubisco carboxylation capacity, could improve the growth grapevines under limited 

water conditions (Flexas et al. 2016). Much less attention has been given to 

respiration (Flexas et al. 2006, Schultz and Stoll 2010, Morales et al. 2016), despite 

the fact that leaf respiration occurs continuously and even small changes in this 

process can result in substantial variation in the plant carbon balance (Poni et al. 

2009, Flexas et al. 2010, Griffin and Heskel 2013, Tomás et al. 2014). It has been 

previously reported that grapevine leaf respiration can increase under moderate 

water shortage (Silva et al. 2017), and deficit irrigation could result in significant 

carbon losses through leaf respiration (Flexas et al. 2005, Flexas et al. 2010, 

Salazar-Parra et al. 2015). Moreover, it is known that leaf respiration in the light 

(Rlight) is usually lower than in the dark (Rdark), with the degree of light inhibition 

responding differently to environmental signals (Tcherkez et al. 2010), such as water 

availability (Ayub et al. 2011, Crous et al. 2012). A full understanding of the leaf 
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carbon balance requires that the rate of respiration in both the dark (Rdark) and in 

the light (Rlight) be quantified.  

Parallel to deficit irrigation use, protected cultivation, using transparent 

plastic covering (TPC), is now becoming a common practice in table grapes 

(Permanhani et al. 2016). TPC has been reported to increase the water use 

efficiency in grapevines by creating higher humidity’s and lowering transpiration as 

compared to open field conditions (Stanghellini 2014, Permanhani et al. 2016). 

Higher shoot growth rates, leaf areas and chlorophyll contents have been observed 

in grapevines grown under TPC (de Souza et al. 2015). TPC can also protect a 

grapevine canopy from adverse meteorological conditions, such as wind and rain 

(Roberto et al. 2011, Du et al. 2015, Permanhani et al. 2016). While rainfall 

increases grapevine vegetative growth, it can reduce fruit quality due to imbalances 

in the sink/source ratio (Monteiro and Lopes 2007, Chaves et al. 2010). Moreover, 

leaf wetness caused by rainfall can trigger disease development, such as mildew 

and botrytis, leading to use of fungicides and other chemicals (Botelho et al. 2011, 

Pedro et al. 2011, de Souza et al. 2015, Permanhani et al. 2016). However, the use 

of specific TPC methodologies (type of plastic used and distance of canopy) can 

present disadvantages as well such as excessive overheating due to inadequate air 

circulation (Liu et al. 2012).  High temperatures can impair leaf function and alter 

grape cluster microclimates with a likely negative impact on yield and grape 

composition (Permanhani et al. 2016). The effects of TPC on grapevines in tropical 

settings has not been studied, but could provide more in-depth knowledge about the 

potential use of this technique for extending the range of grapevine cultivation. 

To the best of our knowledge, this is the first work designed to analyze the 

effects of deficit irrigation on table grapes cultivated in tropical conditions under 

TPC. Studies about protected cultivation in grapevines under tropical conditions are 

scarce. Moreover, the table grapevine cultivar used in the present work, ‘Niagara 

Rosada’, is poorly researched, even though it is widely accepted by consumers and 

therefore widely cultivated in Brazil. Thus, we undertook an investigation to answer 

the following set of questions regarding the ‘Niagara Rosada’ grapevine grown 

under tropical conditions: (i) Does this genotype present an anisohydric or an 

isohydric behavior? (ii) How does deficit irrigation affect leaf Ψ? (iii) Can RDI and 

PRD increase the ratio of Anet:gs and improve water use efficiency (Anet/E)? (iv) How 

does deficit irrigation affect the photochemical and biochemical capacity of the 
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grapevine; (v) What are the effects of deficit irrigation on leaf respiration rates and 

leaf carbon balance? (vi) Is it possible to save water without affecting yield and fruit 

quality? (vii) Is polyethylene plastic covering an effective strategy to cultivate 

‘Niagara Rosada’ grapevine in Tropical conditions? 

 
 
 
 

MATERIAL AND METHODS 
 
 
 

Field conditions and plant material  

 

The research was conducted in a commercial vineyard, located in São 

Fidelis city, northern Rio de Janeiro state, Brazil (21° 30’ 58” S and 41° 42’ 49.6” 

W). The climate of the region is wet tropical, with a rainy summer and a dry winter. 

According to Esteves (2015), the soil is classified as a Red-Yellow Argisol and at a 

depth of 0 – 40 cm, the soil presents 639.0 g kg-1 of sand, 73.5 g kg-1 of silt, 288.5 g 

kg-1 of clay and total porosity of 0.4 m3 m-3. The study was carried out during two 

seasons, from December 2015 to March 2016 (summer, first season) and from 

August 2016 to December 2016 (spring, second season). ‘Niagara Rosada’ (Vitis 

labrusca) grapevines grafted on IAC 766 rootstock were used. The 7 years old 

vineyard has a planting density of 1,850 plants per hectare with grapevines spaced 

2.0 m within and 2.7 m between rows (5.4 m2 plant-1). Plants have been trained on 

a bilateral cordon system using a horizontal shoot positioning with two pairs of wires 

(one pair on each side of the cordons) set perpendicularly to shoot’s growth and 

parallel to cordons’ growth. Mixed pruning was performed so that the mean bud 

number retained per cane was two on the first season (summer) (short spurs) and 

between six to eight on the second season (spring) (long spurs). Shoots were 

trimmed at 0.30 m away from the outermost wire ca. 35 days after the first production 

pruning. Standard cultural practices in the region were applied to all plants. Thirty 

days before pruning, 10 – 15 L of cattle manure were applied per plant on both 

seasons. After pruning, six soil fertilizations were made, corresponding to a total of 

230 kg of N, 170 kg of P2O5 and 140 Kg of K2O ha–1 season–1.  
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Climate variables, polyethylene plastic cover and water management 

treatments  

 

The experimental site was equally divided in two so that one-half was 

covered with two TPC, measuring 375.0 m2. Each structure had an arch-shaped 

ceiling with UV-protection provided by a 150.0 µm thick polyethylene plastic 

positioned 4.0 m from the ground, and 2 m from the canopy. The sides were closed 

with anti-bird screen and galvanized gutters were used to prevent rainwater 

entrance under the cover structure. Plants cultivated on the other one-half of the 

experimental site (uncovered) were all protected with black anti-bird screen (0.5 m 

from canopy). 

Climate variables were monitored in both the covered and uncovered site. 

Air temperature and relative humidity were recorded using a data logger (model 

1000 Series, Spectrum Technologies, Plainfield, Illinois, USA). Photosynthetic 

photon flux density (PPFD) was monitored with a quantum light sensor (model 

LightScout, Spectrum Technologies, Plainfield, Illinois, USA) and recorded with a 

datalogger (Watch Dog Model 1000 Series, Spectrum Technologies, Plainfield, 

Illinois, USA), both positioned at the top of grapevine canopies within each site (data 

was collected each 30 min). Air VPD was calculated according to Jones (1992).  

Water was supplied according to the crop evapotranspiration (ETc) 

calculated with the equation proposed by Hargreaves and Samani (1985) and 

corrected with the crop coefficients estimated by Esteves (2015) for different 

phenological stages. Two irrigation systems were used throughout the experiment. 

The first one was used for 71 and 64 days, on the first (summer) and second (spring) 

season, respectively, between pruning and fruit set [bunch closure, stage number 

33 according to the grapevine development classification of Eichhorn and Lorenz 

(1977)] so that all plants were equally irrigated with drip emitters, two per plant, 

operating at 4.0 L h–1 and positioned 0.5 m from the vine trunk, distributed on both 

sides of the root system. Thereafter, using the second irrigation system, both 

covered and uncovered plants were exposed to one of three water management 

treatments: (1) full-irrigated – FI:  100% of the ETc was supplied simultaneously to 

both sides of the root system with four drip emitters (two drippers on each side of 

the root system) operating at 3.8 L h-1; (2) regulated deficit irrigation – RDI: 50% of 

the ETc was supplied simultaneously to both sides of the root system with two drip 
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emitters (one dripper on each side of the root system) operation at 3.8 L h-1; and (3) 

partial rootzone drying – PRD: 50% of ETc was supplied to only one side of the root 

system with 2 drip emitters operating at 3.8 L h-1, whereas the other side of the 

rootzone remained without water. The treatment was reversed every 15 days, and 

the alternate side of the root system received water. Thus, six plants of each water 

management treatment were grown in each of the two sites (covered and 

uncovered). Such water management treatments were applied from fruit set to 

harvest, for 42 and 54 days (days after initiating treatments – DAIT) on the first and 

second season, respectively, and total water amount applied during each period 

were recorded. Overall, plants were irrigated three times a week throughout both 

seasons.  

The rainfall over the uncovered site was monitored using a pluviometer. 

Cumulative rainfall after initiating treatments was 110 and 240 L m-2 during the first 

and second seasons, respectively. During the first season, volumetric soil moisture 

was monitored every 15 DAIT at a depth of 0.2 m, 0.5 m from the vine trunk, using 

a soil moisture probe (Extech Instruments USA, model number MO750). During the 

second season, soil water potential was recorded using a soil matric potential 

sensor (model MPS-6 Decagon Devices, Pullman WA, USA and Watermark 200SS, 

Irrometer Co., Riverside, CA, USA) placed at a depth of 0.4 m, 0.5 m from the vine 

trunk. The sensors were coupled to a Em50 data collection system (Decagon 

Devices, Pullman WA, USA and Watermark 200SS, Irrometer Co., Riverside, CA, 

USA) so that the data were stored every 30 min. Overall, both volumetric soil 

moisture and soil water potential were measured in one randomly selected plant per 

treatment, while for PRD, measurements were taken on both sides of the root 

system (PRD 1 – side that received the first irrigation shift; and PRD 2 – side that 

first remained without water).  

 

Gas exchange 

 

Overall, the gas exchange measurements and other analyses outlined 

below were made on one fully expanded well-exposed leaf opposite to the first 

cluster of the first cane, in each plant. Gas exchange parameters were obtained on 

the 0, 15th and 30th DAIT of the first season (summer) and on the 15th, 30th and 45th 

DAIT of the second season (spring), between 08:00 and 12:00 h. Light response 
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curves of net photosynthetic rate (Anet) were made using a Li-Cor 6400xt portable 

photosynthesis system (Li-Cor Inc., Lincoln, NE, USA) as described in Shapiro et 

al. (2004), and taking into consideration the precautions of Pons and Welschen 

(2002). The system incorporated a CO2 controller which was used to set the CO2 

concentration inside the Li-Cor cuvette at 400 µL L-1. The 6 cm2 cuvette was fitted 

with a red–blue light source (6400-02B). The net photosynthetic rate (Anet), stomatal 

conductance (gs), transpiration rate (E) and the internal to ambient CO2 

concentration ratio (Ci/Ca) all at 1500 μmol m-2 s-1 photosynthetic photon flux density 

(PPFD) were determined from the light response curves with 24 levels of PPFD: 

1500, 1200, 800, 500, 200, 100, 90, 80, 70 and every 5 PPFD between 70 and 0 

μmol m-2 s-1. The rate of respiration in the dark (Rdark) was taken as the value of Anet 

at 0 μmol m-2 s-1 PPFD. 

Rate of respiration in the light (Rlight) was estimated using the method 

originally described in Kok (1948), as the y-axis intercept of a first-order linear 

regression fitted to Anet–irradiance plots to measurements made over the 25–65 

μmol m-2 s-1 irradiance range. All gas exchange data were corrected for the increase 

in intercellular CO2 concentrations (Ci) with decreasing irradiance, which can result 

in reduced rates of photorespiration and increased rates of carboxylation (Villar et 

al. 1994). The correction was applied by adjusting the Rlight through iteration to 

minimize the intercept of photosynthetic electron transport (J) as a function of 

irradiance (Kirschbaum and Farquhar 1987). J was calculated according to 

Farquhar and von Caemmerer (1982): 

𝐽 =  
[(4(𝐴𝑛𝑒𝑡 +  𝑅𝑙𝑖𝑔ℎ𝑡)) (𝐶𝑖 + 2Γ∗)]

(𝐶𝑖 −  Γ∗)
         (1) 

where Γ* is the CO2 compensation point in the absence of Rlight (von Caemmerer 

and Farquhar 1981). Rates of oxygenation and carboxylation by Rubisco (Vo and 

Vc, respectively) at saturating irradiance were also calculated according to Farquhar 

and von Caemmerer (1982): 

𝑉𝑐 =  
1

3
[(

𝐽

4
) + 2(𝐴𝑛𝑒𝑡 + 𝑅𝑙𝑖𝑔ℎ𝑡)]                 (2) 

and 

𝑉𝑜 =  
2

3
[(

𝐽

4
) − (𝐴𝑛𝑒𝑡 + 𝑅𝑙𝑖𝑔ℎ𝑡)]                    (3) 
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The effects of varying atmospheric [O2] or [CO2] on oxygenation (Vo) and 

carboxylation (Vc) at saturating light were similarly calculated according to Farquhar 

and von Caemmerer (1982): 

𝑉𝑐 =  
[𝐶𝑂2]𝑉𝑐𝑚𝑎𝑥

[𝐶𝑂2] + 𝐾𝑐 (1 +
[𝑂2]

𝐾𝑜
)

                            (4) 

and 

𝑉𝑜 =  
[𝑂2]𝑉𝑜𝑚𝑎𝑥

[𝑂2] + 𝐾𝑜 (1 +
[𝐶𝑂2]

𝐾𝑐
)

                            (5) 

Equations 4 and 5 used the Rubisco kinetic constants (Kc, Ko and 

Vomax/Vcmax) previously determined by Bernacchi, et al. (2002), and calculated Vcmax 

as: 

𝑉𝑐𝑚𝑎𝑥 =  
𝐴𝑛𝑒𝑡 − 𝑅𝑙𝑖𝑔ℎ𝑡

[𝐶𝑂2]−Γ∗

[𝐶𝑂2]+𝐾𝑐(1+
[𝑂2]

𝐾𝑐
)

                                   (6) 

Γ * (the CO2 compensation point in the absence of Rlight), depends on the Rubisco 

specificity factor, O2 partial pressure and is calculated according to von Caemmerer 

and Farquhar (1981): 

Γ∗ =  
0.5𝑉𝑜𝑚𝑎𝑥𝐾𝑐[𝑂2]

𝑉𝑐𝑚𝑎𝑥𝐾𝑜
                                        (7) 

Here we use the specificity presented in Cousins et al. (2010), the ambient 

O2 concentration and the temperature response function of Brooks and Farquhar 

(1985) to determine Γ*. All rates of Vo and Vc reported here were calculated at 

ambient CO2 and O2 concentration and PPFD of 1500 μmol m-2 s-1 (Vo 1500 and Vc 

1500). 

The Anet, gs and E values at 1500 μmol m-2 s-1 were used to calculate the 

water use efficiency (Anet/E) and the intrinsic water use efficiency (Anet/gs). In 

addition, leaf carbon balance (LCB) for the experiment was estimated using the 

following equation: 

𝐿𝐶𝐵 =  
𝐴𝑛𝑒𝑡

(𝑅𝑑𝑎𝑟𝑘 +  𝑅𝑙𝑖𝑔ℎ𝑡)
         (8) 

All gas exchange measurements were taken at a relative humidity of 

approximately 65-75% by manipulating the amount of air passing through a drying 

column prior to entering the leaf cuvette. The Li-Cor cuvette block temperature was 
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set to 30°C for all measurements to account for the influences of leaf temperature 

on gas exchange variables. In addition, the flow rate was kept at 300 µmol m-2 s-1.  

 

SPAD values and Chlorophyll a fluorescence 

 

SPAD values and Chlorophyll a fluorescence were measured on the same 

intact leaves used for gas exchange measurements and on the same days, between 

08:00 and 10:00 h. Five SPAD values were averaged using the SPAD-502 

Chlorophyll Meter (Minolta Co. Ltd., Osaka, Japan). Maximum quantum yield of 

primary photochemistry (Fv/Fm) and the performance index [PI - energy cascade 

processes from the first light absorption events until plastoquinone reduction 

(Strasser et al., 2004)] were measured using a non-modulated fluorimeter model 

Pocket PEA (Plant Efficiency Analyser, Hansatech, King’s Lynn, Norfolk, UK). The 

leaves were dark-adapted for ca. 30 min. using leaf clips (Plant Efficiency Analyser, 

Hansatech, King’s Lynn, Norfolk, UK) so that all reaction centers of photosystem II 

(PSII) acquired an ‘open’ status, and heat loss was minimal (Strasser et al. 2000). 

The JIP-test equations (Strasser and Strasser 1995, Strasser et al. 1995, 

Strasser and Tsimilli-Michael 2001, Strasser et al. 2004) were applied to calculate: 

the energy needed to close all reaction centers expressed by the normalized area 

– Sm [Area/(Fm / Fv)]; fraction of active reaction centers per excited cross-section of 

leaf – RC/CS0; the efficiency with which a trapped excitation energy can move an 

electron into the electron transport chain further than the Quinone A (QA) - ET0/TR0; 

the quantum yield of electron transport – ET0/ABS; and dissipation energy flux at 

the antenna chlorophylls level per excited cross-section  - DI/CS0. 

 

Leaf temperature 

 

Leaf temperature (Tleaf) was measured with a ThermaCAMTM Flir i50 (Flir 

Systems Inc., Goleta, CA, USA). The emissivity was set at 0.96 and the camera was 

placed ca. 0.5 m from the same leaves used for gas-exchange measurements. Data 

were collected between 11:00–12:00 h at 0, 15 and 30 DAIT on the first season, as 

well as at 15, 30 and 45 DAIT on the second season. Thermal images were analyzed 

with FLIR QuickReport 1.2 (FLIR Systems, Inc., Goleta, CA, USA). The crop water 

stress index (CWSI) at leaf level was calculated according to Grant et al., (2007): 
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𝐶𝑊𝑆𝐼 =  
𝑇𝑑𝑟𝑦 − 𝑇𝑙𝑒𝑎𝑓 

𝑇𝑑𝑟𝑦 −  𝑇𝑤𝑒𝑡
         (9) 

where Tdry is the temperature of a leaf covered with liquid paraffin applied below the 

leaf, which avoided transpiration (increased leaf temperature), while Twet is the 

temperature of a leaf sprayed with fresh water (reduced leaf temperature). Tleaf 

values that are close to Twet will result in high CWSI values, which are indicative of 

intense transpiration. When a plant is transpiring fully the leaf temperature is 1 to 4 

degrees below air temperature and the CWSI is 1. As the transpiration decreases, 

the leaf temperature rises and can reach to 4 to 6 degrees above air temperature. 

When the plant is no longer transpiring the CWSI is 0. 

 

Leaf water potential  

 

Leaf water potential (Ψ) was measured immediately after leaf excision at 

pre-dawn (Ψpd) and midday (Ψmd) according to Schölander et al. (1965), using a 

pressure chamber (Model 1000, PMS Instrument Co., Albany, OR, USA). The drop 

(%) of Ψmd in relation to Ψpd was also calculated (Ψdrop). Measurements were 

performed on leaves adjacent to those used for the analyses previously outlined 

(well-exposed fully expanded leaf opposed to the first cluster of the first cane) and 

on the 0, 15th and 30th DAIT of the first season, as well as on the 15th, 30th and 45th 

DAIT of the second season. 

 

C-isotope composition (δ13C) 

 

On the 54th DAIT of the second season, tips of shoot (ca. 0.01 m, where 

leaves used for previous analyses were inserted) were dried in an air forced 

ventilation oven at 70°C for 72 h, grounded in a mill grinder (Willy–MSSL-031) and 

a range of ca. 2.00 mg weighed out in tin capsules. Thereafter, the carbon (13C/12C) 

isotope ratio of the samples were analyzed in an Isoprime isotope ratio mass 

spectrometer (Micromass, UK) coupled to an elemental analyzer (EuroVector, Italy). 

The isotopic C-ratio was calculated using the following standard δ notation: 

δ13C = ((
Rsample

Rreference
) − 1) ∗ 1000(‰)     (10) 

where R = 13C/12C for carbon. The isotope ratios were calibrated against the 

international standards IAEA CH6 and IAEA CH7. δ13C results were referenced 
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against PeeDee Belemnite (PDB). Precision (the standard deviation of the set of 

standards analyzed in each batch) was 0.06‰. 

 

Fruit quality and yield  

 

On the 42nd and 54th DAIT of the first and second seasons, respectively, the 

clusters opposite to the leaves used for the analyses previously outlined were 

collected to count total berry number, cluster length and diameter of clusters using 

a digital caliper (± 0.01 mm precision) and cluster weight using a digital balance (± 

0.001 g precision). Anthocyanins index was estimated using the Multiplex 2 (Mx) 

sensor (Force-A, Orsay, France). Three measurements were averaged per cluster. 

This instrument has four light-emitting diode sources in the UV-A (370 nm), blue 

(460 nm), green (515 nm) and red (637 nm) spectral regions (Betemps et al. 2012). 

The excitation light is sequentially pulsed at 476 Hz with 20 µs per flash and 

synchronized with the photodiode detectors to record the fluorescence signals. 

Chlorophyll fluorescence, both in the red (680–690 nm - RF) and far-red (730–780 

nm - FRF) bands, was acquired sequentially at all the excitation wavelengths. The 

combination of RF and FRF fluorescence signals obtained with the different 

excitation bands provided the variable:   

Anthocyanins (ANTH RG) = log (
𝐹𝑅𝐹𝑟𝑒𝑑

𝐹𝑅𝐹𝑔𝑟𝑒𝑒𝑛
)       (11)(Tuccio et al. 2011) 

Thereafter, 10 berries of each cluster were randomly selected for 

measurement of diameter, length and weight. The same 10 berries were used to 

estimate the total soluble solids (◦Brix) with a refractometer (model ATAGO N1 E, 

Atago CO., LTD, Itabashi-ku, Tokyo, Japan). These same 10 berries were then 

manually macerated and 5 mL of juice were added to 45 mL of deionized water in 

order to measure the pH, using a digital pH meter (model QA400SE, Quimis, 

Diadema, São Paulo, Brazil). Total acidity was obtained by titration with NaOH as 

recommended by OIV (1990) and the relation between total soluble solids/total 

titratable acidity was calculated. Moreover, at harvest, yield components were 

assessed, following manual harvesting and weighing the production on-site. Cluster 

number and yield per vine were recorded for all plants on each site. 
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Statistical analysis 

 

A randomized block design in a split plot scheme was used with two growth 

conditions (covered and uncovered) x three water management x six replicates, 

totaling 36 plots. Data were subjected to analysis of variance tests and the mean 

pairwise comparisons made using the Tukey HSD test at 5% probability. Linear 

regression slopes for the relationship between Ψ and VPD was calculated. 

Statistical analysis was made using the software ASSISTAT 7.0 BETA.  

 
 
 
 

RESULTS 
 
 
 

During the first season (summer), the seasonal average air temperature 

was 27.9 ºC in both the covered and uncovered sites (Figure 1 – A). Both the 

maximum and average relative humidity were ca. 12% higher in the covered site, 

reaching values close to 100% on most days (Figure 1 – B). Similarly, the average 

VPD was ca. 15% higher in the covered site (Figure 1 – D). The average, maximum 

and minimum PPFD were ca. 14% higher in the covered site, indicating that during 

the first season, more PPFD was intercepted by the anti-bird screen of the 

uncovered site than by the TPC (Figure 1 – C). Climate variables widely varied 

throughout the second season (Figure 2). The thermal amplitude of the uncovered 

site was higher, with lower minimum (ca. 5%) and higher maximum (ca. 5%) air 

temperatures being recorded throughout the season (Figure 2 – A). On the other 

hand, the highest (96.7%) and the lowest (37.2%) relative humidity values were 

observed in the covered site (Figure 2 – B). Due to dust accumulation over the TPC, 

PPFD in the covered site was ca. 10 % lower than the uncovered site during the 

second season (Figure 2 – C). The highest VPD values observed in the covered 

and uncovered sites were 6.0 and 5.5 kPa, respectively (Figure 2 – D). 
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Figure 1. Average, minimum and maximum air temperature (A), relative humidity 
(B), photosynthetic photon flux density (PPFD) (C) and air vapor pressure deficit 
(VPD) (D) throughout the first season of the experiment. The arrows indicate water 
management treatments start (71 days after pruning). 
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Figure 2. Average, minimum and maximum air temperature (A), relative humidity 
(B), photosynthetic photon flux density (PPFD) (C) and air vapor pressure deficit 
(VPD) (D) throughout the second season of the experiment. The arrows indicate 
water management treatments start (64 days after pruning). 
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Volumetric soil moisture was maintained at ca. 15% in FI plants grown in the 

covered site and at ca. 16% in the uncovered site during the first season (Figure 3). 

The lowest values of soil moisture in RDI plants were 6.7 and 9.1% in covered and 

uncovered sites, respectively (Figure 3). The non-irrigated side of the PRD 

treatment approached the lowest volumetric soil moisture values at 28 DAIT in the 

covered site (5.7%) and at 42 DAIT in the uncovered site (8.7%) (Figure 3). Soil 

water potential measured during the second season can be observed in Figure 4. 

In covered RDI and PRD (non-irrigated side) plots, soil water potential decreased 

as much as −112.2 and −160.2 kPa, respectively, while FI plants were maintained 

at ca. -21 kPa (Figure 4 – A). Due to the rainfalls during the second season, 

differences in soil water potential among water management treatments were not 

observed in the uncovered site (Figure 4 – B). 

 
 
 
 

 
 

 
Figure 3. Volumetric soil moisture (%) during the first season of the experiment of 
three water management treatments - Full-irrigated (FI); regulated deficit irrigation 
(RDI) and partial rootzone drying (PRD) - and in either covered (A) or uncovered 
sites (B). 
 
 
 
 

 

 

First Season 
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Figure 4. Soil water potential (kPa) during the second season of the experiment of 
three water management treatments - Full-irrigated (FI); regulated deficit irrigation 
(RDI) and partial rootzone drying (PRD) - and in either covered (A) or uncovered 
sites (B). 

 
 
 
Since differences in soil water potential among water management 

treatments were not observed in the uncovered site during the second season 

(spring) (Figure 4 - B), only mean values regarding such site and season (regardless 

of water management) are noted in most Figures and Tables presented. Results 

regarding SPAD values, chlorophyll a fluorescence parameters, CWSI, leaf water 

potential, Anet, E, gs, Ci/Ca, Vc 1500 and Vo 1500, measured at 0 and 15 DAIT on the first 

season and at 15 and 30 DAIT during the second season, are not shown (no 

significant differences). Moreover, no significant differences were observed 

between RDI and PRD treatments.  

Under the experimental conditions, ‘Niagara Rosada’ grapevines presented 

an anisohydric behavior in response to increase in the ambient VPD during the day 

(Figure 5). In both sites and seasons, plants of all water management treatments, 

including FI, showed at midday (Ψmd), when air VPD was higher than 2.92 kPa, a 

leaf water potential value that was ca. 81% lower than Ψpd recorded at air VPD lower 

than 0.57 kPa (Table 1). As a consequence, a close negative linear relationship 

between Ψ and air VPD occurred (Figure 5). However, no effects of differential water 

supply and/or TPC treatments were observed on either Ψpd or Ψmd values (Table 1). 

Furthermore, there were no stomatal effects in response to water management 
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treatments, and Anet, E and gs did not significantly change in either seasons (Table 

2). Although the covered PRD plants presented a non-significant tendency to 

present lower E and gs values than both RDI and FI at 30 and 45 DAIT of the first 

and second season, respectively (Table 2), this trend was not observed on the other 

days (data not shown). The lowest gs value observed was 0.17 mol H2O m-2 s-1 in 

the covered PRD plants at both seasons (Table 2). Although without significant 

differences, regardless of water management treatments, a tendency towards lower 

gs and E values (22.76% and 14.1%, respectively) were observed in the covered 

site throughout the entire experiment, whereas Anet was slightly higher (ca. 1.4%) 

(Table 2). Water management treatments did not show significant differences for 

calculated rates of Rubisco carboxylation and oxygenation at 1500 µmol m-2 s-1 (Vc 

1500 and Vo 1500) as well as Ci/Ca and δ13C, in both sites (Table 2). However, 

regardless of water management treatments, plants grown in the covered site 

presented non-significant trends, throughout both seasons, to lower Ci/Ca (ca. 10%), 

higher Vc 1500 (ca. 4%) and Vo 1500 (ca. 5%), as well as slightly less negative δ13C 

(ca. 3%) than uncovered plants at the end of the second season (Table 2).  
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Figure 5 - Relationship between Ψ and VPD of grapevine during the first and the 
second season of the experiment under three water management treatments - Full-
irrigated (FI); regulated deficit irrigation (RDI) and partial rootzone drying (PRD) - 
and in either covered or uncovered sites. Each point represents the mean of six 
replicates (n = 72). 



 
 

 

Table 1. Leaf water potential at predawn (Ψpd), midday (Ψmd), drop (%) of Ψmd in relation to Ψpd (Ψdrop) and air vapor pressure deficit 
(VPD) at predawn and midday of grapevine grown for two seasons under three water management treatments - Full-irrigated (FI); 
regulated deficit irrigation (RDI) and partial rootzone drying (PRD) - and in either covered or uncovered sites. Each treatment mean 
represents the average of 6 replicates  
 

* No statistical differences were observed according to analysis of variances tests.  

 
 

 

 

 

First Season - 30 DAIT*   Second Season - 45 DAIT* 

  Covered   Uncovered   Covered   Uncovered 

  
ψpd  

(MPa) 

ψmd  

(MPa) 

ψdrop 

(%)  
  

ψpd  

(MPa) 

ψmd  

(MPa) 

ψ drop 

(%)  
  

ψpd  

(MPa) 

ψmd  

(MPa) 

ψdrop 

(%)  
  

ψpd  

(MPa) 

ψmd  

(MPa) 

ψdrop 

(%)  

FI -0.22 -1.40 84.29   -0.18 -1.21 85.12   -0.27 -1.40 80.71   - - - 

RDI -0.24 -1.29 81.40   -0.15 -1.21 87.60   -0.29 -1.39 79.14   - - - 

PRD -0.25 -1.32 81.06   -0.19 -1.23 84.55   -0.26 -1.43 81.82   - - - 

Mean -0.24 -1.34 82.09   -0.17 -1.22 86.07   -0.27 -1.41 80.56   -0.31 -1.26 75.40 

VPD 

(kPa) 
0.57 2.92 -   0.50 3.03 -   0.18 3.35 -   0.14 3.65 - 

CV (%) 39.55 14.37 -   39.55 14.37 -   49.03 17.66 -   49.03 17.66 - 

8
3
 



 
 

 

Table 2. Net photosynthetic rate (Anet), Stomatal Conductance (gs), Transpiration (E), ratio of internal to external CO2 concentration 
(Ci/Ca), Rubisco carboxylation (Vc 1500) and oxygenation (Vo 1500) rates and C-isotope composition (δ13C) of grapevine grown for two 
seasons under three water management treatments - Full-irrigated (FI); regulated deficit irrigation (RDI) and partial rootzone drying 
(PRD) - and in either covered or uncovered sites. Each treatment mean represents the average of six replicates  
 
 

* No statistical differences were observed according to analysis of variances tests.  

 

  First Season - 30 DAIT*   Second season - 45 DAIT* 

  Covered   Uncovered       Covered   Uncovered     

  FI RDI PRD Mean   FI RDI PRD Mean   CV (%)   FI RDI PRD Mean   Mean   CV (%) 

Anet  

(µmol CO2 m-2 s-1) 
11.86 12.59 10.23 11.56   12.13 11.02 11.21 11.45   24.87   12.48 14.20 11.69 12.79   12.55   28.56 

E  
(mmol H2O m-2 s-1) 

3.27 3.44 3.06 3.25   3.97 3.58 3.85 3.80   19.56   3.12 3.45 2.63 3.07   3.81   25.34 

gs  

(mol H2O m-2 s-1) 
0.20 0.21 0.17 0.19   0.25 0.21 0.22 0.23   25.19   0.19 0.20 0.17 0.19   0.22   25.11 

Ci/Ca 0.72 0.71 0.71 0.71   0.80 0.76 0.71 0.78   7.85   0.73 0.67 0.65 0.68   0.76   4.09 

Vc 1500  

(µmol m-2 s-1) 
16.40 17.49 15.85 16.58   17.26 15.87 15.44 16.19   19.73   15.34 18.87 14.03 16.08   15.67   20.44 

Vo 1500  

(µmol m-2 s-1) 
5.74 6.11 5.83 5.89   6.05 5.68 5.25 5.66   22.20   5.62 5.81 5.83 5.75   5.40   28.93 

δ13C - - - - - - - - - - -   -25.68 -25.55 -25.18 -25.47   -26.11   2.10 

8
4
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No significant differences were found for either season in Anet/gs and Anet/E 

among water management treatments in covered (Figure - 6 A and D; Figure 7 – A 

and C) and uncovered (Figure 6 – B and E) sites, throughout the experiment. 

Regardless of water management treatments, there were non-statistical trends for 

higher Anet/gs (ca. 12.7%, Figure 6 – C and Figure 7 - B) and Anet/E ratios (ca. 14.8%, 

Figure 6 – F and Figure 7 – D) in covered plants than the uncovered plants 

throughout both seasons and measurement days.  
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Figure 7 - Intrinsic Water Use Efficiency (Anet/gs) (A and B) and Water Use Efficiency 
(Anet/E) (C and D) of grapevine during the second season of the experiment under 
three water management treatments - Full-irrigated (FI); regulated deficit irrigation 
(RDI) and partial rootzone drying (PRD) - and in either covered (A and C) or 
uncovered sites (comparison regardless water management treatments). Each 
treatment mean represents the average of 6 (A and C) or 18 replicates (B and D). 
ns indicates no statistical difference according to analysis of variances tests.  



88 
 

 

SPAD values were not affected by the TPC, or by reducing water supply 

through either RDI or PRD, (Table 3). Similarly, photochemical capacity was not 

influenced by either water management treatments or TPC use, and thus significant 

differences in chlorophyll fluorescence variables were not observed and Fv/Fm 

values remained higher than 0.81 at the end of each season for all treatments (Table 

3). When either RDI or PRD was used, Tleaf did not differ from those in the FI 

treatment (Table 3) in either the covered or uncovered sites and hence, CWSI was 

not affected (Table 3). However, regardless water management treatments, there 

were non-statistical trends towards higher Tleaf (ca. 6%) and lower CWSI values (ca. 

11%) in covered plants relative to uncovered plants throughout both seasons (Table 

3).  



 

 

Table 3. SPAD values, maximum quantum yield of primary photochemistry (Fv/Fm ratio) (A), performance index (PI), energy needed to 
close all reaction centers expressed by the normalized area (Sm), fraction of active reaction centers per excited cross-section of leaf 
(RC/CS0), efficiency with which a trapped excitation energy can move an electron into the electron transport chain further than the 
Quinone A (ET0/TR0), quantum yield of electron transport (ET0/ABS), dissipation energy flux at the antenna chlorophylls level per excited 
cross-section  (DI/CS0) leaf temperature (Tleaf) and crop water stress index (CWSI) of grapevine grown for two seasons under three 
water management treatments - Full-irrigated (FI); regulated deficit irrigation (RDI) and partial rootzone drying (PRD) - and in either 
covered or uncovered sites. Each treatment mean represents the average of six replicates  

 
 

* No statistical differences were observed according to analysis of variances tests.  

 

  First Season - 30 DAIT*   Second season - 45 DAIT* 

  Covered   Uncovered       Covered   Uncovered     

  FI RDI PRD Mean   FI RDI PRD Mean   CV (%)   FI RDI PRD Mean   Mean   CV (%) 

SPAD values 53.47 54.20 50.55 52.74   54.95 53.20 53.90 54.02   2.49   51.55 50.38 49.97 50.63   49.55   4.06 

Fv/Fm ratio 0.82 0.83 0.82 0.82   0.82 0.82 0.82 0.82   1.23   0.84 0.83 0.81 0.83   0.83   1.75 

PI 5.24 5.88 5.07 5.40   5.05 4.86 4.95 4.95   17.84   6.87 6.67 6.04 6.53   5.91   21.78 

Sm 24.94 23.38 25.77 24.70   20.61 20.69 23.24 21.51   14.30   19.11 20.89 21.04 20.35   19.91   17.37 

RC/CS0 45.08 45.59 44.42 45.03   42.98 40.86 46.64 43.49   6.40   50.96 51.83 49.03 50.61   52.30   10.20 

ET0/TR0 0.64 0.64 0.60 0.63   0.63 0.63 0.63 0.63   3.73   0.65 0.64 0.60 0.63   0.61   5.51 

ET0/ABS 0.51 0.52 0.48 0.50   0.51 0.50 0.51 0.51   5.97   0.51 0.52 0.48 0.50   0.53   6.67 

DI0/CS0 1147.64 1141.07 1146.01 1144.91   1201.17 1141.07 1262.49 1201.58   10.72   1075.82 1144.72 1184.92 1135.15   1190.13   6.27 

Tleaf (oC) 34.31 34.45 34.43 34.39   33.21 32.26 33.55 33.01   3.40   32.25 32.15 32.19 32.19   29.82   3.49 

CWSI 0.55 0.54 0.49 0.53   0.58 0.69 0.60 0.62   26.56   0.58 0.56 0.59 0.58   0.63   14.64 

8
9
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Reducing water supply through either RDI or PRD in both sites, as well as 

using TPC (regardless water management treatments), did not significantly change 

Rdark, Rlight and Rlight:Rdark in relation to FI and uncovered conditions respectively, 

throughout both seasons (Figures 8 and 9). Likewise, LCB did not significantly vary 

in response to treatments applied during the entire experiment (Figures 10 and 11).  
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Figure 8. Leaf respiration in the dark (Rdark) (A, B and C) and in the light (Rlight) (D, 
E and F) and light inhibition of respiration (Rlight:Rdark) (G, H and I) of grapevine 
during the first season of the experiment under three water management treatments 
- Full-irrigated (FI); regulated deficit irrigation (RDI) and partial rootzone drying 
(PRD) - and in either covered (A, D and G) or uncovered (B, E and H) sites. Each 
treatment mean represents the average of 6 (A, B, D, E, G and H) or 18 replicates 
(C, F and I). ns indicates no statistical difference according to analysis of variances 
tests. 
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Figure 9. Leaf respiration in the dark (Rdark) (A and B) and in the light (Rlight) (C and 
D) and light inhibition of respiration (Rlight:Rdark) (E and F) of grapevine during the 
second season of the experiment under three water management treatments - Full-
irrigated (FI); regulated deficit irrigation (RDI) and partial rootzone drying (PRD) - 
and in either covered (A, C and E) or uncovered (comparison regardless water 
management treatments) sites. Each treatment mean represents the average of 6 
(A, C and E) or 18 replicates (B, D and F). ns indicates no statistical difference 
according to analysis of variances tests. 
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During the 42 DAIT of the first season, 154.3 and 150.4 L of water were 

saved per plant in the covered and uncovered sites, respectively, when either RDI 

or PRD was applied (Figure 12 – A and C). Likewise, during the second season, 

these water management treatments (RDI and PRD) reduced the amount of water 

applied per plant by 195.4 and 184.5 L in the covered and uncovered sites, 

respectively, throughout the 54 DAIT period (Figure 12 – B and D). Considering a 

planting density of 1,850 grapevines per hectare, 323 ± 38 and 310 ± 31 m3 of water 

per hectare (covered and uncovered sites, respectively) can be saved each season 

when either RDI or PRD is used from fruit set to harvest of ‘Niagara Rosada’ 

grapevine cultivated under the experimental conditions used in this work. The 

reductions in water applied through the use of either RDI or PRD did not affect any 

of the fruit quality parameters analyzed, in either the covered or uncovered sites in 

either season (Table 4).  Moreover, there were no negative effects of TPC on fruit 

quality or yield (Table 4). Since the number of buds retained per cane was higher 

on the second season (six to eight - long spurs) than on the first season (two - short 

spurs), higher yields were obtained on the second season (Table 4). 
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Figure 12. Amount of water applied after initiating treatments during the first (A and 
C) and the second (B and D) season of the experiment of three water management 
treatments - Full-irrigated (FI); regulated deficit irrigation (RDI) and partial rootzone 
drying (PRD) - and in either covered (A and B) or uncovered (C and D) sites.  



 

 

Table 4. Yield and quality components at harvest of grapevine grown for two seasons under three water management treatments - Full-
irrigated (FI); regulated deficit irrigation (RDI) and partial rootzone drying (PRD) - and in either covered or uncovered sites. Each 
treatment mean represents the average of six replicates  

 
 

* No statistical differences were observed according to analysis of variances tests.  

 

  First Season*   Second season* 

  Covered   Uncovered       Covered   Uncovered     

  FI RDI PRD Mean   FI RDI PRD Mean   CV (%)   FI RDI PRD Mean   Mean   CV (%) 

No of grape barries per cluster 48.83 47.16 48.17 48.05   40.50 47.83 47.17 45.17   12.57   64.17 63.33 65.65 64.38   62.39   14.24 

Length of clusters (mm) 113.33 110.83 111.67 111.67   95.83 103.33 114.17 104.44   7.29   145.00 134.17 152.50 143.89   143.33   11.50 

Diameter of clusters (mm) 57.17 55.83 56.67 56.55   59.17 63.33 60.00 60.83   10.38   56.67 59.17 59.17 58.34   60.00   9.05 

Weight of clusters (g) 194.81 189.14 202.23 192.41   187.42 194.36 194.83 192.20   11.12   237.49 220.27 245.98 234.58   237.03   9.27 

Diameter of 10 grape barries (mm) 183.67 182.50 182.33 182.83   179.00 181.00 180.50 180.17   2.56   182.17 181.00 180.83 181.33   188.56   2.31 

Length of 10 grape barries (mm) 217.17 214.83 218.00 225.67   202.00 208.17 218.33 209.50   4.21   207.50 201.83 204.67 204.67   210.94   1.73 

Weight of 10 barries (g) 43.12 42.40 38.66 41.06   39.13 40.03 39.92 39.69   9.48   39.22 39.77 39.28 39.42   42.60   8.10 

pH 3.74 3.77 3.76 3.76   3.79 3.82 3.69 3.77   2.56   3.61 3.63 3.58 3.61   3.60   2.69 

Total soluble solids (°Brix) 17.10 17.91 17.48 17.49   17.71 17.85 17.09 17.55   6.55   14.97 14.97 15.49 15.14   15.60   6.93 

 Total titratable acidity (% tartaric acid) 0.34 0.33 0.31 0.33   0.34 0.31 0.33 0.33   12.39   0.30 0.32 0.31 0.31   0.32   20.68 

Total soluble solids/total tritable acidity 50.29 54.87 55.09 53.42   52.09 57.56 51.79 53.81   14.69   49.90 46.78 49.967 48.88   48.26   17.99 

Anthocyanins 1.00 1.05 1.07 1.04   1.03 0.93 1.04 1.00   5.76   1.08 1.09 1.15 1.11   1.14   5.66 

No of clusters per plant 27.33 38.50 33.33 33.05   32.00 29.00 42.00 34.33   26.30   66.67 70.50 66.83 68.00   63.81   18.14 

Yeild per plant (Kg) 4.59 7.07 5.66 5.77   6.05 5.31 5.97 5.78   21.19   13.36 12.16 12.73 12.75   12.02   22.01 

9
7
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DISCUSSION 
 
 
 

Anisohydric behavior of ‘Niagara Rosada’ grapevine 

 

Grapevines show various strategies, known as stress ‘tolerance’ or 

‘avoidance’ mechanisms, so that different cultivars have been classified as either 

anisohydric or isohydric in response to changes in air VDP and/or water availability 

(Schultz 2003, Soar et al. 2006, Chaves et al. 2010, Tomás et al. 2014, Lavoie-

Lamoureux et al. 2017). Under the tropical experimental conditions studied, ‘Niagara 

Rosada’ grapevine presented anisohydric behavior. Plants from all water 

management treatments, including FI plants, showed reduced Ψ as air VPD 

increased at midday (Ψmd) in both sites, resulting in a considerably high Ψdrop (Table 

1) and a strong negative linear relationship between Ψ and air VPD (Figure 5). 

Indeed, anisohydric plants tend to show variable Ψ values in response to increased 

evaporative demand, so that Ψmd is substantially lower than Ψpd (Schultz 2003, 

Chaumont and Tyerman 2014).  

Despite such anisohydric behavior, no effects on Ψpd, Ψmd and Ψdrop were 

observed when either RDI or PRD was used in both sites (Table 1). Maintaining 

similar Ψ values regardless of water availability is typically achieved by reducing gs 

in isohydric plants (Poni et al. 2007, Lovisolo et al. 2010, Pou et al. 2012, Flexas 

2016, Lavoie-Lamoureux et al. 2017).  ABA accumulation in leaves can promote 

early stomatal closure in response to decreased soil water content and, thereby, 

reduce water loss and preserve Ψ (Schultz 2003, Pou et al. 2012, Tombesi et al. 

2015). However, this mechanism was not observed in the present study and neither 

gs nor E were reduced when deficit irrigation treatments were applied (Table 2). 

Instead, our results indicate that although the soil water content of both RDI and 

PRD decreased considerably in relation to FI (Figures 3 and 4) in TPC area, Ψ did 

not change (Table 1) and the resulting water availability was sufficient to maintain 

the plants’ internal water status. Green et al. (1997) observed in mature apple trees 

that previously dehydrated roots responded to irrigation by exhibiting higher sap flow 

rates than occurs when the entire root zone is watered. This increase in root 

hydraulic conductivity seems to be mediated by aquaporin activity (Lovisolo and 

Schubert 2006). Thus, we speculate that factors other than the stomatal control are 

likely to be involved in the observed response of Ψ among water management 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2859908/#MCQ030C82
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2859908/#MCQ030C113
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2859908/#MCQ030C113
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treatments in the anisohydric ‘Niagara Rosada’ grapevine (Lavoie-Lamoureux et al. 

2017), such as up-regulation of aquaporin expression (Vandeleur et al. 2009, Vitali 

et al. 2016), water redistribution within the plant via lateral flow between vessels in 

both radial and tangential directions (Halis et al. 2012) and/or osmotic adjustment 

(Patakas and Noitsakis 1999). 

 

Water use efficiency and intrinsic water use efficiency in grapevine exposed 

to deficit irrigation in tropical conditions 

 

Anisohydric plants show high tolerance to reduced water availability and 

close their stomata at water potentials well below those of well-watered plants (Soar 

et al. 2006, Lavoie-Lamoureux et al. 2017). For this reason, anisohydric grapevines 

can maintain photosynthetic rates at high levels under conditions of low water 

availability in the soil (Flexas et al. 2006, Palliotti et al 2015). In the present work 

conducted under tropical conditions, Anet did not change when both RDI and PRD 

were used, regardless of site (Table 2). Since both gs and E did not vary among 

water management treatments, no significant differences in Anet/gs (Figure 6 – A and 

B; Figure 7 – A) or in Anet/E (Figure 6 – D and E; Figure 7 – C) were observed in 

either site. Curiously, in grapevines RDI and PRD are usually associated with a 

larger reduction in gs and E than in Anet, resulting in increased Anet/gs (de Souza et 

al. 2005, Chaves et al. 2007, Pou et al. 2012, Hocheberg et al. 2013) and Anet/E (de 

Souza et al. 2005, Chaves et al. 2007). However, this trend was not observed in the 

present work, or in our previous growth chamber study (Silva et al. 2017).  In 

general, these effects are not as pronounced in anisohydric as they are in isohydric 

plants, since the stomatal responses of isohydric plants to reduced water availability 

are typically stronger (Poni et al. 2007, Lovisolo et al. 2010, Pou et al. 2012, Flexas 

2016, Lavoie-Lamoureux et al. 2017). 

Our observed responses of both Anet/gs and Anet/E corroborate with our δ13C 

results, since significant variation was not observed among water management 

treatments at the end of the second season in either sites (Table 2). Previous work 

found that plants grown under reduced water availability had a less negative δ13C 

when gs was lower (Souza et al. 2005, Chaves et al. 2007) and therefore, both 

Anet/gs and Anet/E were higher (Condon et al. 2004), an affect not observed in the 

present work (Table 2; Figure 6 – A, B, D and E; Figure 7 – A and C). Moreover, 
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considering that δ13C integrates photosynthetic activity throughout the period over 

which the tissue was synthesized (Salazar-Parra et al. 2015) and reflects the 

interplay among all aspects of plant carbon and water relations (Aranjuelo et al. 

2009b), we can assume that neither RDI or PRD cause damage to the capacity for 

CO2 assimilation during water status in ‘Niagara Rosada’ grapevine grown under 

tropical conditions. 

 

Effects of deficit irrigation on biochemical and photochemical traits of 

grapevine grown in tropical conditions 

 

Although a restricted CO2 supply is considered an important cause for 

decreased photosynthetic rates under reduced water availability (Flexas et al. 

2006), the amount of carbon assimilated is strongly driven by the leaf biochemical 

potential (Flexas et al. 2016). In the present work, Vc 1500, as well as Vo 1500, did not 

vary among the water management treatments, regardless of site or seasons (Table 

2). By closing stomata later in response to reduced water availability, anisohydric 

plants delay metabolic limitations (Flexas et al. 2006, Pou et al. 2012, Palliotti et al. 

2015) and maintain the activity of Calvin Cycle enzymes (Souza et al., 2005), as 

observed in the present work through Vc 1500 and Vo 1500 values (Table 2). These 

results demonstrate that the affinity of Rubisco to CO2 was not affected by either 

RDI and PRD (Gago et al. 2014, Galmés et al. 2014, Galmés et al. 2015, Flexa et 

al. 2016) under tropical conditions, a desirable feature that matches photoprotection 

with a positive carbon assimilation (Hochberg et al. 2013). The non-variable Ci/Ca 

values (Table 2) demonstrates that CO2 accumulation in the mesophyll did not occur 

in either RDI or PRD treatments and thus the overall activity of the Calvin Cycle 

enzymes was stable regardless of water availability (de Souza et al. 2005). 

Therefore, both RDI and PRD can be used for ‘Niagara Rosada’ grapevine 

cultivation under the experimental conditions of this work, without harming the 

biochemical potential for photosynthesis. 

Leaf photochemistry is co-regulated with Rubisco content and/or activity 

through feed-back or feed-forward changes in redox balance homeostasis via 

‘‘photosynthetic control’’ (Foyer et al. 1990, Galmès et al. 2013). Since neither RDI 

or PRD caused biochemical impairments on ‘Niagara Rosada’ photosynthesis, no 

damage to chlorophyll biosynthesis or breakdown was observed, as indicated by 
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the SPAD values not being affected by water management treatments (Table 3). 

Hence, regardless of site, no effects of either RDI or PRD on PI, Sm, RC/CS0, 

ET0/TR, ET0/ABS or DI/CS0 were shown in both seasons (Table 3). Moreover, the 

Fv/Fm ratio, an important variable which provides a measure of the rate of linear 

electron transport (Jamil et al. 2007, Tang et al. 2007, Balouchi 2010), was higher 

than 0.81 at the end of both seasons in all treatments (Table 3). Thus, the PSII 

reaction centers of ‘Niagara Rosada’ grapevine show no indication of damage or 

inactivation (Zlatev 2009, Vaz and Sharma 2011) and there was no apparent 

blockage of electron transfer between the acceptors (Shu et al. 2012) as the result 

of the applied reduction in water availability in Tropical conditions studied. Indeed, 

metabolic impairment on biochemical and photochemical capacity of photosynthesis 

has been shown to occur only when stomatal conductance drops below 0.05–0.10 

mol H2O m-2 s-1 (Bota et al. 2004, Flexas et al. 2006), which did not occur in our 

experiment (Table 2). Considering that climate change will likely enhance the 

severity of drought (IPCC 2014), anisohydric grapevines that do not reduce gs in 

response to reduced water availability can avoid biochemical or photochemical 

damage (Pou et al. 2012, Palliotti et al. 2015) and thus should be preferentially 

cultivated in Tropical regions. 

 

Respiration and leaf carbon balance in grapevines deficit irrigated 

 

Analyzing all the physiological processes involved in C metabolism can be 

extremely difficult (Morales et al. 2016). However, both photosynthesis and 

respiration are basic components of plant productivity that should be considered 

together in grapevines’ ecophysiological studies (Schultz and Stoll 2010). It has 

been previously reported that R in grapevines can increase under moderate water 

shortage (Silva et al. 2017), suggesting that deficit irrigation could result in increased 

carbon losses (Flexas et al. 2010, Salazar-Parra et al. 2015). Increased respiratory 

carbon losses were not observed in the present study and reducing water supply 

with either RDI or PRD did not significantly change Rdark or Rlight in relation to FI in 

either seasons (Figures 8 – A, B, D and E; Figure 9 – A and C). Indeed, leaf 

respiration can be strongly enhanced by increases in Tleaf caused by reduced 

transpiration when water availability is reduced (Flexas et al. 2010), a condition not 

observed in the present work, regardless of site (Tables 2 and 3). Instead, in the 



102 
 

 

anisohydric ‘Niagara Rosada’ grapevines neither gs or E were reduced by deficit 

irrigation (RDI and PRD) (Table 2) and Tleaf was unaffected by the water 

management treatments (Table 3).  

Rlight:Rdark was not affected by reduced water availability through either RDI 

or PRD treatments in either site (Figures 8 – G and H; Figure 9 – E).  This response 

is related to the anisohydric behavior as well. In general, Rlight:Rdark is directly related 

to changes in Vo, so that conditions which increase Vo can also increase Rlight:Rdark, 

due to high demand for TCA cycle substrates associated with the recovery of 

photorespiratory cycle intermediates in the peroxisome (Tcherkez et al. 2008; Griffin 

and Turnbull 2013). Since anisohydric plants delay metabolic limitations by closing 

the stomata later in response to reduced water availability (Flexas et al. 2006, Pou 

et al. 2012), both RDI and PRD did not cause significant effects on Vo 1500 (Table 2) 

and thereby, no effects on Rlight:Rdark were observed during either season in both 

sites (Figures 8 – G and H; Figure 9 –E).  

In order to analyze the effectiveness of deficit irrigation use in grapevines 

grown in a given region, the LCB must be assessed. The potential limitations 

imposed by reduced water availability are primarily dependent on the balance 

between photosynthesis and respiration (Flexas et al. 2006). In the present work, 

regardless of site, the LCB did not vary significantly in response to either RDI or 

PRD in relation to FI throughout the entire experiment (Figure 10 – A and B; Figure 

11 - A). Again, this response was caused by the anisohydric behavior of ‘Niagara 

Rosada’, which resulted in unchanged rates of Anet (Table 2), Rlight and Rdark (Figures 

8 – A, B, D and E; Figure 9 – A and C). Since LCB is directly proportional to carbon 

available for plant’s growth and yield (Flexas et al. 2006, Escalona et al. 2012, Ayub 

et al. 2014), we can assume that the use of deficit irrigation techniques in 

anisohydric grapevines, such as ‘Niagara Rosada’, will not result in a substantial 

reduction in carbon gain under tropical climates. 

  

Effects of deficit irrigation on grapevine’s fruit quality and yield in tropical 

conditions 

 

The use of RDI or PRD in tropically grown grapevines saved a considerable 

amount of water both with and without TPC (Figure 12). Our trials suggest that more 

than 310 m3 of water can be saved per hectare each season when either RDI or 
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PRD is applied from fruit set to harvest of ‘Niagara Rosada’. Importantly, the 

reduced water supply had no negative effects on ‘Niagara Rosada’s’ yield or fruit 

quality if the water management treatments are started after fruit set (Table 4). At 

this developmental stage, the berry’s connectivity to the vine is via the phloem 

(Thomas et al. 2006; Tarara and Peña 2015) and any reduction in berry size or 

quality would be indirectly related to decreases in photosynthesis (Wang et al. 

2003). However, negative effects on photosynthesis were not observed in the 

present work, and both Anet and Vc 1500 values remained unchanged (Table 2).  

Similarly, photochemical capacity was not affected by either RDI or PRD treatments 

(Table 3). As a result, it should not be surprising that, yield and fruit quality were 

unaffected (Table 4). Moreover, reductions in yield and changes in fruit quality, are 

commonly associated with increased ABA synthesis under deficit irrigation (Deluc 

et al. 2009, Chaves et al. 2010).   ABA limits cell division and consequently 

grapevines produce small berries and have reduced yields (Chaves et al. 2010). An 

increase of ABA in the leaves of table grapes has also been associated with the 

accumulation of leaf hexose (Deluc et al. 2009), as a means of controlling sugar 

transport to grape berries (Lecourieux et al. 2010). Finally, ABA has also been 

associated with the regulation of anthocyanin synthesis and accumulation in the skin 

of the fruit (Peppi et al. 2006, Lund et al. 2008, Deluc et al. 2009, Chaves et al. 

2010). However, the anisohydric behavior of ‘Niagara Rosada’ grapevine limited 

ABA synthesis and accumulation (Poni et al. 2007, Lovisolo et al. 2010, Pou et al. 

2012, Flexas 2016, Lavoie-Lamoureux et al. 2017), as indicated by the stable gs 

values among the various water management treatments in our trials (Table 2). 

Therefore, regardless of site, there were no effects of either PRD or RDI on yield 

and quality parameters of ‘Niagara Rosada’ grapevine under tropical conditions 

(Table 4). 

No differences were found between RDI and PRD treatments for any of 

traits analyzed in the present work, suggesting that both water management 

techniques can be useful alternatives to save water in grapevines cultivated in 

tropical conditions, particularly for anisohydric cultivars. However, as previously 

reported (dos Santos et al. 2003, Gu et al. 2004, Intrigliolo and Castel 2009, Collins 

et al. 2010), the total cost of the irrigation system and not just the method of 

application should be considered. Since PRD requires twice the amount of tubing 



104 
 

 

as RDI, it incurs higher installation and maintenance costs (Permanhani et al. 2016), 

and thus RDI may economically preferred.  

  

Use of Transparent Plastic Covering (TPC)  

 

Regardless of water management treatments, plants grown in the covered 

site trended towards higher Anet/gs (Figure 6 – C and Figure 7 - B) and Anet/E (Figure 

6 – F and Figure 7 – D) during both seasons, as a result of having lower gs and E 

values, respectively (Table 2). TPC is known to effect both Anet/E and Anet/gs in table 

grapes (Permanhani et al. 2016), by altering the microclimate (Deluc et al. 2009, 

Roberto et al. 2011), and increasing leaf surface temperatures (Liu et al. 2012). In 

the present work, despite significant within and between season variation in climatic 

conditions (Figures 1 and 2), there was a consistent tendency for covered plants to 

have slightly higher Tleaf (Table 3) and lower CWSI (ca. 11.2%) (Table 3). CWSI is 

typically related to stomatal regulation and thus can affect plant energy balance 

(Grant et al. 2007, Vaz et al. 2016).  In our experiments, gs and E were both reduced 

(Table 2) leading to a positive effect of TPC on Anet/gs (Figure 6 – C and Figure 7 - 

B) and on Anet/E (Figure 6 – F and Figure 7 – D). Concomitantly, discrimination 

against 13C was reduced, and less negative δ13C values were observed in covered 

plants at the end of the second season in response to reduced gs (Table 2). Such 

negative δ13C values are typically associated with higher water use efficiency 

(Condon et al. 2004), a typical trend observed throughout the entire experiment in 

the covered site (Table 2; Figure 6 – C and F; Figure 7 – B and D). 

Covered plants tended towards lower Ci/Ca ratios (Table 2), indicating that 

the stomatal limitation of photosynthesis due to the slightly reduced gs of covered 

plants (Table 2) was compensated by higher Rubisco carboxylation rates in plants 

from the covered site, represented by Vc 1500 values (Table 2). Rubisco kinetics and 

maximum activity are directly affected by leaf temperature (Gago et al. 2014, 

Galmés et al. 2014, Galmés et al. 2015, Flexas et al. 2016) and the higher Tleaf of 

the covered plants (Table 3) increased both Vc 1500 and Vo 1500 (Table 2). It is 

important to consider that, although photorespiration can diminish the potential 

photosynthetic activity of plants (Salazar-Parra et al. 2015), the simultaneous 

increase of photorespiration and photosynthesis, as observed in the present work 

in covered plants (Table 2), provides an avoidance mechanism against 
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photoinhibition, maintaining a positive carbon balance (Hochberg et al., 2013). 

Indeed, photosynthetic activity was positively rather than negatively affected by the 

TPC, and slightly higher Anet values were observed in plants grown under the 

covering (Table 2). 

The use of TPC to cultivate Niagara Rosada’ grapevine in a tropical area 

had no negative effects on photochemical capacity (Table 3) or on leaf respiration 

rates (Figure 8 – C, F and I; Figure 9 – B, D and F) and LCB (Figure 10 – C; Figure 

11 – B).  Furthermore, fruit quality and yield were maintained during both seasons 

(Table 4). Although excessive rainfall can damage grape production in this region, 

particularly during summer, this did not occur over the duration of our experiments. 

However, TPC can minimize negative effects of heavy rains on fruit quality (Monteiro 

and Lopes 2007, Chaves et al. 2010) and reduce fungicide use by preventing the 

development of disease triggered by leaf wetness, such as mildew and botrytis 

(Botelho et al. 2011, Pedro et al. 2011). In the present work, the plants grown in 

uncovered area received 3 times more pesticides than the TPC plants (data not 

showed). Therefore, the use of TPC can be a beneficial strategy for ‘Niagara 

Rosada’ grapevines grown in wet Tropical regions. Clearly, further studies focused 

on phytosanitary and its economic impacts are needed to give more details about 

the effectiveness of TPC use in Tropical areas. 

 
 
 
 

CONCLUSIONS 
 
 

 
Our work growing Niagara Rosada’ grapevine in tropical conditions 

demonstrates that: (i) Although the grapevine presents an anisohydric behavior, (ii) 

deficit irrigation treatments do not affect Ψ (although leaf water potential was 

affected by air VPD); (iii) Neither RDI nor PRD had significant effects on either Anet/gs 

or Anet/E in anisohydric grapevine; (iv) by not closing stomata in response to reduced 

water availability, limitations on both carboxylation reactions of photosynthesis and 

Rubisco oxygenation rates are not observed, and the photochemical capacity is not 

inhibited; (v) Leaf respiration rates are not affected by either RDI of PRD. Since 

deficit irrigation in anisohydric grapevine does not limit Vo 1500, Rlight:Rdark is not 

changed. The use of either RDI or PRD does not reduce carbon gain, and LCB is 
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not affected; (vi) considerable amounts of water are saved when either RDI or PRD 

is used from fruit set to harvest, without affecting yield and fruit quality. RDI is the 

preferable treatment method for practical reasons; (vii) the use of TPC can be an 

effective strategy for growing ‘Niagara Rosada’ grapevines in wet tropical areas, 

since it avoids the negative effects of heavy rains on fruit quality, and limits the 

development of disease caused by leaf wetness while showing the potential to 

improve Anet/E, Anet/gs and Vc 1500. 
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5. CONCLUDING REMARKS 
 
 
 

This work demonstrated that deficit irrigation is useful to save water in 

grapevines cultivated either in the tropics (with or without TPC) or under elevated 

[CO2]. Elevated [CO2] delays drought effects on both Anet and Rubisco activity by 

reducing gs, E and stomatal density (Chapter 1). Moreover, the efficiency of Rubisco 

carboxylation is improved by PRD under elevated [CO2], leading to an increase in 

Anet and hence, greater WUE and iWUE is observed (Chapter 1). Due to the 

anisohydric behavior presented by ‘Niagara Rosada’ grapevine in the tropics, such 

significant effects on either WUE (Anet/E) or iWUE (Anet/gs) were not observed when 

deficit irrigation techniques were applied (Chapter 2), indicating that grapevines with 

isohydric behavior are the ones tending towards improved water use efficiency in 

response to reduced water availability. However, TPC shows the potential to 

improve WUE, iWUE and Rubisco carboxylation rates of grapevines in the tropics 

(Chapter 2). In addition, deficit irrigation use is favored in the tropics by the 

anisohydric behavior. By maintaining stomata opened under reduced water 

availability, limitations on both carboxylation reactions of photosynthesis and 

Rubisco oxygenation rates are not observed in anysohidric grapevines, and the 

photochemical capacity is not inhibited (Chapter 2).  

Under elevated [CO2], a down-regulation of Anet is observed due to 

reductions in Rubisco content and/or total activity, and by reductions in the efficiency 

of the photochemical apparatus due to N dilution within leaves with higher SLW 

(Chapter 1). Although Rdark and Rlight are changed by such conditions that reduce N 

concentration, as well as by drought level (Chapter 1), leaf respiration rates are not 

negatively affected by deficit irrigation, so that LCB is not impaired, either under 



118 
 

 

elevated [CO2] or TPC in the tropics (Chapters 1 and 2). Therefore, yield and fruit 

quality are not damaged when deficit irrigation is used (Chapter 2). In addition, light 

inhibition of respiration (Rlight:Rdark) is highly correlated with Rubisco oxygenation 

rates so that Rlight:Rdark is intensified under conditions of reduced Vo, such as 

elevated [CO2] (Chapter 1). Since deficit irrigation does not limit Vo, Rlight:Rdark is not 

changed (Chapters 1 and 2). 
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