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DO NOT LET… 
No dejes que termine el día 
sin haber crecido un poco, 

sin haber sido feliz, 
sin haber aumentado tus sueños. 

No te dejes vencer por el desaliento. 
No permitas que nadie te quite 

el derecho a expresarte, 
que es casi un deber. 

No abandones las ansias 
de hacer de tu vida algo extraordinario. 

No dejes de creer que las palabras y las poesías 
sí pueden cambiar el mundo. 

Pase lo que pase nuestra esencia está intacta. 
Somos seres llenos de pasión. 

La vida es desierto y oasis. 
Nos derriba, nos lastima, 

nos enseña, 
nos convierte en protagonistas 
de nuestra propia historia. 

Aunque el viento sople en contra, 
tu poderosa obra continúa: 

tú puedes aportar una estrofa. 
No dejes nunca de soñar, 

porque en sueños es libre el ser humano. 

 

Walt Whitman 
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SUMMARY 
Climate change, the foreseeable increasing world population and current global 

consumption patterns, pose new challenges for agriculture and world food supply. Climate 

change threatens agricultural production, especially in already arid and semi-arid regions 

such as the Mediterranean, where extreme climatic events (e.g. droughts, heat waves, etc.) 

in the last decades, are increasingly frequent. Good agricultural practices such as crop 

rotations, the efficient use of fertilizers, the appropriate choice of cultivation areas and a 

more sustainable control of pests and weeds can mitigate climate change effects on 

agriculture. Along with this, and given the probable water scarcity scenario, finding more 

resistant cultivars to environmental stressors (particularly water scarcity), is fundamental 

for an effective agricultural adaptation to climate change. 

A good understanding on intraspecific variability patterns of the functional mechanisms 

involved in plant responses to the environment (ecophysiological approach), is basic for 

cultivar selection and enhanced crop yield. In particular, key functional traits associated 

with plant water relations are crucial in the study of intraspecific variability in response to 

water availability. For example, stomatal conductance or its indirect measurements by 

thermal imaging, net CO2 assimilation rates, leaf photochemistry and other biomass and 

morpho-functional traits are good indicators of plant sensitivity to water deficit. The 

analysis of these functional traits enables to explore the main underlying mechanisms of the 

plant in response to water availability and can be used to summarize the different drought 

response strategies developed by different cultivars. In a complementary way, the analysis 

of phenotypic plasticity, contributes to a more complete knowledge on the adaptation 

capacity of the cultivar under certain environmental scenarios. 

Garlic (Allium sativum L.) is the second most cultivated species of the genus Allium 

worldwide. However, despite its importance, the degree of inter-cultivar variability of key 

functional traits and its relationship with the bulb production capacity in response to water 

availability remains largely unknown. Garlic is cultivated in many arid and semi-arid 

regions. Therefore, the development of more efficient irrigation methodologies and the 

search for more water- and in general resource-use efficient cultivars that help achieve 

sustainable productions under increasingly limiting environmental conditions becomes 
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urgently important. This is even more important in garlic than in other cultivars since, 

classical breeding is largely constrained in garlic, because its fertility and seed production is 

limited to a small number of cultivars under very specific climatic conditions. 

The general objective of this thesis is to analyse inter-cultivar variability of key 

functional traits and bulb production as a basis to sustainable garlic production and the 

adaptation of garlic crop to increasingly limiting climatic conditions, particularly in terms 

of water availability. For this purpose, several experiments were carried out between 2015 

and 2019, both in the field and in pots, evaluating a total of eight garlic cultivars with 

different morphological traits and origins differing also in agroclimatic characteristics. In 

these experiments, the impact of water deficit at different phenological stages was assessed, 

in order to evaluate an optimized regulated deficit irrigation methodology (ORDI) in garlic. 

In addition, the inter-cultivar functional variability and bulb production sensitivity to water 

availability was analysed, determining the different drought response strategies across 

cultivars. Variability of phenotypic plasticity among cultivars was also assessed in relation 

to the bulb production performance under different environments. Moreover, the potential 

use of some functional traits as early indicators of water deficit in garlic was tested.  

During this study, inter-cultivar variability in functional responses and bulb production 

was found, denoting different sensitivity to water availability among cultivars. A decrease 

of stomatal conductance (gs) was observed as an early primary response to water deficit. In 

this regard, the use of thermographic indices such as the crop water stress index (CWSI), 

that are highly correlated to gs arose as a potential good early and cost-effective indicators 

of water deficit in garlic. 

Furthermore, different drought response strategies were found. Early maturing cultivars, 

such as Violet Spring and White Spring, finished their growth cycle earlier and showed an 

opportunistic use of water, according to a drought escape strategy. Other widely spread 

cultivars, such as “Gardacho” and “Pedroñeras”, displayed water-spender traits, such as 

elevated gs or high root biomass. These traits conformed to a drought avoidance strategy, so 

that plants would maximize the use of available water in order to maintain optimal tissue 

hydration and growth potential. Other cultivars, mainly those that have been traditionally 

cultivated in drought-prone areas, such as Cbt02710, Cbt00089 or “Chinchón”, also 
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showed a drought avoidance strategy, keeping their tissues hydrated, but in this case, by 

means of displaying water saving traits. These traits such as constitutive low gs and reduced 

leaf area are associated with drought tolerance but at the expense of lower growth potential. 

Variability in phenotypic plasticity was also found among cultivars. Widely spread 

cultivars “Gardacho” and “Pedroñeras”, showed in general, higher plasticity than the rest of 

cultivars. These cultivars displayed a significant increased bulb production capacity under 

favourable environments, yet the highest reduction of bulb production capacity at the lower 

end of the water availability gradient. Therefore, these cultivars had similar bulb production 

to the rest of cultivars under the most stressful environments. In contrast, cultivars with a 

more localized cultivation, showed more canalized phenotypes, with lower growth potential 

but higher stability across environments.  

This thesis has also evidenced that it is possible to optimize and reduce irrigation supply 

in garlic, avoiding chronic physiological damage. The most sensitive stage to water 

availability was the bulbing stage, in which garlic cultivars reached their highest 

transpiration and gas exchange rates, being at this stage when physiological traits were 

most correlated with final bulb production. 

This thesis reveals the existence of significant inter-cultivar variability on functional 

traits, phenotypic plasticity and bulb production variables, in response to water availability. 

Besides, the patterns of variation observed in the studied functional traits enabled to 

identify different drought response strategies. Overall, these results provide new insight on 

the underlying physiological mechanisms of the garlic response to water availability, which 

can be valuable for the development of more effective cultivar selection and breeding 

programs of garlic in the future. 
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RESUMEN 
Como consecuencia del cambio climático, el previsible crecimiento de la población 

mundial y el cambio en los patrones de consumo, la agricultura se enfrenta a nuevos retos 

para el abastecimiento alimentario mundial. Los efectos del cambio climático amenazan la 

producción agrícola, especialmente en regiones áridas o semi-áridas como el Mediterráneo, 

donde estos efectos, como por ejemplo las sequías, se están agudizando en las últimas 

décadas y se prevé que aumenten en frecuencia y severidad. Las buenas prácticas agrícolas 

como la rotación de cultivos, la elección de áreas de plantación y siembra más adecuadas, 

una mayor eficiencia en el uso de fertilizantes y un control más sostenible de plagas y 

malezas pueden contribuir a la mitigación de los efectos del cambio climático sobre la 

agricultura. Junto con esto, y ante un escenario de escasez de agua, es fundamental la 

identificación y selección de genotipos y cultivares más resistentes en respuesta a factores 

de estrés ambiental (particularmente estrés hídrico), para una adaptación eficaz de la 

agricultura al cambio climático. 

Resulta esencial una buena comprensión de los mecanismos funcionales de la respuesta 

vegetal al ambiente (aproximación ecofisiológica) y de los patrones de variación 

intraespecífica de los mecanismos para una selección varietal eficaz y una mejora de los 

rendimientos de los cultivos.  Concretamente dentro del estudio de la variabilidad 

intraespecífica de la respuesta vegetal a la disponibilidad hídrica, cobran especial 

importancia determinados rasgos funcionales relacionados con el uso del agua. Por 

ejemplo, la conductancia estomática, o índices termográficos correlacionados con esta, las 

tasas fotosintéticas, la fotoquímica foliar y otras variables morfofuncionales y de biomasa 

describen de una manera sintética pero precisa los mecanismos y estrategias principales de 

la respuesta vegetal a la disponibilidad hídrica, y resultan buenos indicadores del grado de 

estrés de la planta y su sensibilidad al déficit hídrico. De manera complementaria, el 

análisis de la plasticidad fenotípica permite adquirir un conocimiento más completo de la 

capacidad de adaptación de diferentes genotipos o cultivares ante determinados escenarios 

ambientales. 

El ajo (Allium sativum L.) es la segunda especie agrícola más cultivada del género 

Allium a nivel mundial. Sin embargo, a pesar de su importancia, todavía es muy 
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desconocido el grado de variabilidad entre cultivares de muchos rasgos funcionales básicos 

y su relación con la capacidad productiva en respuesta a la disponibilidad hídrica. El ajo, se 

cultiva en muchas zonas áridas y semiáridas del planeta, por lo que, en este cultivo, cobran 

especial importancia el desarrollo de metodologías de riego más eficientes, así como la 

búsqueda de cultivares también más eficientes en el uso del agua y de otros recursos, que 

permitan alcanzar producciones sostenibles en condiciones ambientales cada vez más 

limitantes. De manera particular en el ajo, la selección varietal es clave, ya que, la mayoría 

de cultivares de ajo no son fértiles y su multiplicación es principalmente clonal, por lo que 

la mejora tradicional mediante cruce de genotipos está limitada solo a unos pocos cultivares 

y el desarrollo de las semillas está supeditado a unas condiciones climáticas muy concretas.  

El objetivo general de esta tesis es explorar la variabilidad de rasgos funcionales clave 

entre diferentes cultivares de ajo y su relación con la producción de bulbo, como base para 

una producción sostenible y una mejor adaptación de este cultivo a escenarios climáticos 

cada vez más limitantes, particularmente en términos de disponibilidad de agua. Para ello, 

entre los años 2015 y 2019, se realizaron diferentes experimentos, tanto en campo como en 

macetas, en hasta un total de ocho cultivares de ajo, con rasgos morfológicos y orígenes de 

características agroclimáticas diferenciadas. En estos ensayos, se evalúo el impacto del 

déficit hídrico en diferentes etapas fenológicas del cultivo, con el objeto de contrastar una 

metodología de riego deficitario optimizado por etapas (ORDI). Además, se estudió la 

sensibilidad a la disponibilidad hídrica, a nivel fisiológico y productivo, determinado las 

diferentes estrategias que adoptan los cultivares frente a la sequía. Complementariamente, 

la plasticidad fenotípica de los cultivares se examinó en relación con el rendimiento 

productivo en diferentes ambientes. Por otro lado, se evalúo el potencial uso de algunos 

rasgos funcionales como indicadores tempranos del déficit hídrico en ajo.  

En esta tesis se encontró variabilidad en la producción de bulbo y en la respuesta 

funcional, mostrando los cultivares estudiados diferente sensibilidad a la disponibilidad de 

agua. La primera respuesta observada al déficit hídrico fue la reducción de las tasas de 

conductancia estomática. En este sentido, el uso de índices termográficos que se 

correlacionan muy estrechamente con esta variable funcional mostró ser una buena 
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herramienta para la obtención de indicadores tempranos y efectivos de déficit hídrico en ajo. 

Por otra parte, se encontraron diferentes estrategias de resistencia a la sequía. Los 

cultivares de maduración temprana, como Violeta Spring y Blanco Spring, mostraron rasgos 

de uso oportunista del agua y finalización más temprana del ciclo de cultivo, que se 

corresponde con una estrategia de escape de la sequía. Otros cultivares también 

ampliamente comercializados, como Gardacho y Pedroñeras, presentaron rasgos que se 

ajustan a una estrategia de evitación de la sequía, mediante la maximización de la captación 

y uso del agua, presentando altas tasas de conductancia estomática y gran biomasa radicular 

que les permite mantener una óptima hidratación de los tejidos y un alto potencial de 

crecimiento. Otros cultivares, principalmente aquellos que se han cultivado 

tradicionalmente en áreas propensas a la sequía, como Cbt02710, Cbt00089 o Chinchón, 

también mostraron una estrategia de evitación de la sequía. Sin embargo, éstos adoptaron 

rasgos que optimizan y reducen el uso del agua, permitiendo también mantener los tejidos 

hidratados evitando pérdidas de agua. Estos rasgos, como tasas de conductancia estomática 

constitutivamente bajas y área foliar reducida están también asociados a estrategias de 

tolerancia a la sequía, sin embargo, a costa de un potencial de crecimiento menor. 

Los cultivares estudiados también difirieron en plasticidad fenotípica. Por un lado, 

cultivares de uso más común, como Gardacho y Pedroñeras, fueron los que presentaron una 

mayor plasticidad, con una producción de bulbo significativamente mayor que el resto en 

ambientes favorables, pero con mayores disminuciones en la producción a medida que la 

disponibilidad de agua fue menor, mostrando valores similares al resto de cultivares en los 

ambientes más limitantes. Al contrario, aquellos cultivares cuyo uso ha sido principalmente 

restringido a regiones muy concretas, mostraron fenotipos mucho más canalizados, con un 

potencial productivo más reducido pero una mayor estabilidad a lo largo de los diferentes 

ambientes.  

Se demostró también que es posible optimizar y reducir el suministro de riego en el 

cultivo de ajo evitando daños fisiológicos crónicos. La etapa más sensible a la 

disponibilidad de agua fue la etapa de bulbificación, en la cual los cultivares de ajo 

alcanzaron sus tasas de transpiración e intercambio gaseoso más altas, siendo la etapa 
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donde los rasgos fisiológicos evaluados estuvieron más correlacionados con la producción 

de bulbo.  

Esta tesis, revela la existencia de variabilidad significativa en rasgos funcionales, 

plasticidad fenotípica y variables de producción en respuesta a la disponibilidad hídrica en 

diferentes cultivares de ajo. Así mismo se determinan las relaciones entre las diferentes 

variables estudiadas y la producción de bulbo e identifica diferentes estrategias de respuesta 

a la sequía entre los cultivares. Todo ello proporciona nuevos conocimientos sobre los 

mecanismos funcionales de respuesta del ajo a la disponibilidad hídrica, los cuales pueden 

ser valiosos para el desarrollo de futuros programas de selección y mejora más eficaces en 

este cultivo.  
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1. JUSTIFICATION 

The United Nations estimates that world’s population will increase to ca. 9.6 billion by 

2050. By then, the Food and Agriculture Organization of the United Nations (FAO) reports 

a projected 60% increase in demand for agricultural production higher than the base year of 

2005/2007 (Alexandratos and Bruinsma, 2012). However, the degree of yield improvement 

occurred in the last 50 years, is unlikely at present. On the contrary, under the current 

context of global population growth, food security could be threaten in the years to come 

(Van Ittersum et al., 2013). Besides, climate change is bringing about rising temperatures 

along with alterations in the rainfall regime, especially in already arid or semi-arid areas 

(Dore, 2005; El-Beltagy and Madkour, 2012; Nielsen and Ball, 2015), such as those of the 

Mediterranean regions. In the last decades, the number and frequency of drought events in 

these regions are expected to increase (Spinoni et al., 2019, 2017; Figure 1). This along 

with increased temperatures will likely have negative consequences in Mediterranean 

regions, especially on summer crop yields (Cramer et al., 2018; Moriondo et al., 2011), and 

poses a potential threat to the agricultural economy in these regions (Iglesias et al., 2018). 

In this context, research on agricultural yield improvement under water scarcity scenarios 

and optimization of water use have been recognized as fundamental research topics for the 

adaptation of agriculture to climate change (Davis et al., 2017; Iglesias and Garrote, 2015; 

Passioura, 2006).  

Plants have evolved different strategies to cope with water stress which, in many cases, 

include drought resistance mechanisms (Ludlow, 1989). Intraspecific variability on abiotic 

stress adaptation is a hot topic which has important implications for plant breeding 

(Dwivedi et al., 2016; Gregorio et al., 2002; Lana et al., 2017). Particularly, the study of 

inter-cultivar variability of plant functional responses to water deficit could contribute to 

cultivar selection and enhanced adaptation to climate change (Ma et al., 2017; Nakhforoosh 

et al., 2016; Volaire et al., 2014). The interplay of different mechanisms of plant 

functioning (functional traits) ultimately determines overall performance of plants in terms 

of plant growth and crop yield. Thus, understanding these covariation patterns among key 

functional traits is fundamental for efficient crop breeding  (Chatterjee and Solankey, 2015; 

Mir et al., 2012). The level of expression of a functional trait can be constitutive of an 
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specific genotype remaining stable across a range of water availability levels (Pérez-Ramos 

et al., 2019) or, alternatively, a genotype could modify its phenotype in response to the 

environment, displaying the so-called phenotypic plasticity (Bradshaw, 1965). The study of 

functional traits and their plasticity in response to different environments has already 

revealed relevant information for the selection of cultivars in water scarcity environments 

(Nicotra and Davidson, 2010; Richards, 2006). However, these studies are lacking in many 

important crops, such as garlic.  

 

Figure 1. Trends in frequency (left) and severity (right) of meteorological droughts between 1950 and 2012. 
Trends are based on a combination of three different drought indices - Standardized Precipitation Index 
(SPI), Standardized Precipitation Evapotranspiration Index (SPEI) and Reconnaissance Drought Index 
(RDI) accumulated over 12-month periods. Dots: trends significant at ≥ 95%. Source: 
https://www.eea.europa.eu/data-and-maps/figures/observed-trends-in-frequency-and 
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Garlic (Allium sativum L.) is the second most consumed Allium crop with a great social 

and cultural importance worldwide (Rivlin, 2001). Its production and acreage have 

increased exponentially over the last 50 years (Figure 2).  

 

Figure 2. Garlic world production and harvested area for the period 1961-2018. Source: FAOSTAT, 
2019 

Spain is the first garlic producer of the European Union (EU), accounting for 67.0% of 

the EU total garlic production (FAOSTAT data, 2018, Table 1). In Spain, garlic production 

varies across regions. Castile-La Mancha is clearly the main producing region (provinces of 

Albacete, Cuenca and Ciudad Real), followed by Andalusia (mainly the province of 

Córdoba) and Castile and Leon. For example, in 2018, total production of Castile-La 

Mancha was 60.5% of the national production accounting for 68.1% of the national garlic 

harvested area (MAPA data, 2019). Therefore, garlic plays a key role in the rural life of 

Spain and, particularly in Castile-La Mancha, this crop is a significant driving force of the 

economy of many localities. 

Table 1. Garlic area harvested, yield and production worldwide, in Europe, EU and Spain. Data for 
year 2018. Source FAOSTAT data, 2019  

Region Area (ha) Yield (kg ha-1) Production (tonnes) 

World 1.548.207 18.413 28.506.471 
Europe 103.660 8.324 862.849 

European Union 49.908 8.179 408.204 
Spain 28.428 9.620 273.476 
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In these regions, future projections predict an increased risk of desertification for the 

next 100 years as reported by Martínez-Valderrama et al., (2016) and the Spanish National 

Action Program against desertification (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In summary, even though the impact of climate change and water availability has been 

extensively studied in other crops such as cereals, legumes, maize or potato (Challinor et 

al., 2014; Considine et al., 2017; Daryanto et al., 2017; Korres et al., 2016; Obidiegwu et 

al., 2015), the information available on garlic in this regard (Domínguez et al., 2013; 

Fabeiro Cortés et al., 2003; Nackley et al., 2016)  is still scarce particularly in terms of 

inter-cultivar variability. In this thesis, I use an ecophysiological approach to evaluate the 

inter-cultivar functional and bulb production response of garlic to the potential impact of 

climate change, with focus on water availability, in order to provide new insight into the 

potential adaptability of this crop to future climatic scenarios. 

Figure 3. Risk of desertification in Spain. Source “National Action Program against desertification” 
(MAPAMA, 2008)”. Marked areas correspond to the main garlic production areas in Spain.  

      Very high risk of 
desertification 

      High risk of 
desertification 

      Medium risk of 
desertification 

      Low risk of 
desertification 

      Humid or sub-
humid aridity index 
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INTRODUCTION 
 

2.1. Agricultural production under climate change and water scarcity 

Since the 1960s, green revolution has brought new high-yielding varieties and improved 

agronomic practices, resulting in an impressive increase of crop yields and food resources 

(Khush, 2001). However, these yield increments would have been impossible without the 

massive investments on new irrigated areas (Cassman and Grassini, 2013). Moreover, 

expected demographic growth (Gerland et al., 2014) and the already depletion of water and 

land resources impose new challenges in the search for increased food production ( 
Rockström et al., 2007; Schneider et al., 2011). Particularly in Mediterranean regions, 

current constraints on water resources will likely be aggravated in future scenarios (García-

Ruiz et al., 2011; Milano et al., 2013). 

Erratic rainfall patterns brought about by climate change and the need of a more 

sustainable agriculture require the development of new strategies on crop production and a 

more efficient use of water and other resources (Dyson, 1999; Fischer et al., 2007; García-

Ruiz et al., 2011). Agricultural water management is crucial to promote environmental and 

economic sustainability in rural areas (Baldock et al., 2000). New methodologies that 

enhance irrigation efficiency (Elliott et al., 2014; Kirda et al., 2007) along with irrigation 

advisory services could optimize agricultural water use (Martín De Santa Olalla et al., 

2003; Ortega et al., 2005; Smith and Munoz, 2002). Besides, other agricultural practices 

have been proposed to mitigate climate change, such as crop rotations, the choice of 

appropriate cultivation areas, enhanced efficiency in the use of fertilizers and a more 

sustainable control of pests and weeds (Foley et al., 2011; Lin, 2011; Olesen et al., 2011). 

In combination with these practices, crop diversity and cultivar selection should be 

considered key for the development of a climate resilient sustainable agriculture (Atlin et 

al., 2017; Korres et al., 2016; Ma et al., 2017).  

Intraspecific variability and water use optimization have been studied in many crops 

during the last years, for example in grain crops (Chimenti et al., 2006; Muñoz-Perea et al., 

2007; Richards, 2006), Solanaceous and Cucurbits crops (Kumar et al., 2017 and references 
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therein) fruit tree crops (Bacelar et al., 2007; Galindo et al., 2018; Ruiz-Sanchez et al., 

2010) or grapevine (Cifre et al., 2005; Medrano et al., 2003; Rustioni et al., 2016). 

However, in garlic, this type of studies is lacking. 

The application of different genomic technologies to plant breeding is a common 

approach to increase yields under resource limitation (Mwadzingeni et al., 2016; Turner et 

al., 2014). However, in clonal crops such as garlic, whose fertility and seed production is 

reduced to some isolated cases, classical breeding is constrained (Kamenetsky et al., 2004; 

Zheng et al., 2007). For this reason, cultivar selection should be considered an essential first 

step to improve garlic production. Nonetheless, garlic genetics and breeding are emerging 

research topics (Kamenetsky et al., 2015) and the development of a mechanistic 

understanding of inter-cultivar functional diversity can be fundamental as a basis for 

physiologically informed genetics and efficient breeding of garlic.  

2.2. Crop diversity and phenotypic plasticity for climate change 
mitigation  
2.2.1 Intraspecific variability as a source of adaptation  

Crop diversity is fundamental to complement climate change resilience and mitigation 

(Di Falco and Chavas, 2008; Jarvis et al., 2010). Intraspecific diversity can enhance crop 

adaptation capacity and production under climate change scenarios (Jump et al., 2009; 

Parent et al., 2018; Volaire et al., 2014). However, due to globalization, agricultural 

economy and consumption patterns in the last years, an important genetic erosion has been 

documented (Esquinas-Alcázar, 2005; FAO, 2006; Hammer et al., 1996).  

Modern varieties have been spread in both high and low productive environments 

(Byerlee, 1996), however their yield advantages have been generally observed under high-

input conditions where water and other resources are not limiting (Ceccarelli, 1996; 

Murphy et al., 2005). In contrast, local cultivars and landraces usually exhibit different 

adaptations to their local environments (Casañas et al., 2017; Lowry et al., 2014; 

Nakamichi, 2015). These specific adaptations can lead to improved drought resistance and 

enhanced water use efficiency (Dwivedi et al., 2016; Lopes et al., 2015). In fact, the use of 

landraces and local cultivars have been proposed to be used on modern breeding for low-
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input environments and to enhance abiotic resistance (Muñoz-Perea et al., 2007; Murphy et 

al., 2005; Witcombe et al., 2008). 

Despite some studies have already been carried out to compare water use between local 

vs. widely spread cultivars (e.g. Bota et al., 2001; Medrano et al., 2003; Satriani et al., 

2015), the functional mechanisms underlying this inter-cultivar variability and to what 

extent the use of local varieties can improve crop performance in response to abiotic 

stressors is still poorly understood (Shelef et al., 2017). A fundamental approach to evaluate 

the adaptation to abiotic stressors is through the analysis of phenotypic plasticity (Nicotra et 

al., 2010). 

2.2.2. Phenotypic plasticity in agriculture 

Phenotypic plasticity or the ability of a genotype to generate different phenotypes under 

different environmental conditions (Bradshaw, 1965) is a central concept in ecological and 

evolutionary research. Yet, it has begun to be addressed in species of agricultural interest 
(e.g. Nicotra et al., 2010; Nicotra and Davidson, 2010; Sadras and Lawson, 2011). Its 

relevance in the field of sustainable agricultural production lies in its importance as a 

mechanism of adaptation to the environment, complementary to genetic variability. 

Specifically, the analysis of phenotypic plasticity, through the study of the patterns of 

variation of functional traits in response to water availability, is a common approach in 

plant water use research (Milla et al., 2017; Nicotra and Davidson, 2010; Vilela and 

González-Paleo, 2015).  

The analysis of phenotypic plasticity in agronomic studies is mainly focused on the 

plasticity of biomass gain or yield (Peltonen-Sainio et al., 2011; Sadras et al., 2009) since 

crop yield and harvest index are widely recognized as indicators of “agricultural fitness” 

(Nicotra and Davidson, 2010). Accounting for plasticity of yield components  can benefit 

crop breeding for increased yield potential and stress adaptation (Sadras and Lawson, 

2011). However, evaluating plasticity of additional biomass, allometric and morphological 

traits contributes to a more complete understanding of plant functional adjustments to 

environmental stresses and the adaptive value of phenotypic plasticity (Nicotra et al., 2010; 

Sultan, 2000).  
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Phenotypic plasticity can be measured  by different methods: random regression mixed 

models (Arnold et al., 2019), indices based on the coefficient of variation, maximum and 

minimum mean values, relative distances plasticity indices among others (further 

information and different indices can be found on Valladares et al., 2006). The more 

common analysis is the use of reaction norms. A reaction norm describes the pattern of 

variation of the phenotype of a genotype/cultivar along a range or gradient of 

environmental factors (e.g. soil volumetric water content, irrigation treatments, etc). The 

values of the studied traits are plotted versus the environmental factor values or versus the 

overall mean of the trait for each environment, resulting in a linearly adjusted pattern for 

each genotype/cultivar. The slopes of those adjusted lines estimate the magnitude of 

plasticity (Sadras and Richards, 2014). With this approach, a continuous environmental 

range can be analysed from a few really tested discrete environments (Nicotra and 

Davidson, 2010; Schlichting and Pigliucci, 1998). This methodology enables to evaluate 

inter-cultivar variability in phenotypic plasticity, and to determine to what extent the 

plasticity of a specific trait is associated with plant performance in a specific environment.  

2.3 Functional traits and strategies related to plant response to water 
deficit  
2.3.1 Functional traits and their intraspecific variability 

Understanding the patterns of intraspecific variability through trait-based research is 

basic to guide crop selection and breeding (Martin and Isaac, 2015 and references therein). 

Quantitative analyses of functional traits responses to climatic fluctuations, such as water 

availability, enable to determine the potential adaptive value of functional diversity 

(Skelton et al., 2015; Vico et al., 2015; Volaire et al., 2014). In this thesis, several 

functional traits related to water and resource acquisition have been tested to explore the 

variability in the response of garlic cultivars to different environmental conditions, mainly 

in terms of water availability. 

2.3.1.1. Stomatal conductance, leaf temperature and plant water relations  

Stomatal conductance (gs) determines the rate of CO2 entering and water vapour exiting 

the leaf through the stomata and it is considered a good indicator of the plant water status 
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(Chaves et al., 2016; Mcdowell et al., 2008). In fact, one of the earliest responses to water 

deficit is stomatal closure (Chatterjee and Solankey, 2015; Chaves et al., 2002). Besides, 

the anatomical characteristics of the stomata are linked with the velocity of changes in gs 

(Lawson and Blatt, 2014) and the maximum gs potential (Franks et al., 2009; Sun et al., 

2014). In this sense, variability on the stomatal pore area index (SPI; a dimensionless index 

calculated as stomatal density × guard cell length2) has been reported between dry and 

humid environments (Carlson et al., 2016; Lin et al., 2017).  

Stomatal closure constrains evaporative cooling, increasing leaf temperature, which 

allows for an indirect measurement of gs by thermal imaging (Costa et al., 2013; Jones 
,  et al., 2002), for example,  by  using   thermal indices (e.g. crop water stress index,  CWSI 
sensu Idso et al., 1981). Complex functions accounting for the actual weather conditions 

were needed to calculate this index (Maes and Steppe, 2012) until Jones (1999b), simplified 

the methodology correcting CWSI values by the temperatures of wet and dry reference 

surfaces, being unnecessary additional meteorological data for computing this index 

(Takács et al., 2019). Both traits, gs and CWSI, have been proved to be reliable indicators 

of water deficit and have often been used to identify intraspecific variability of plant 

responses to water availability (e.g. Nankishore and Farrell, 2016; Ouyang et al., 2017; 

Romano et al., 2011). 

2.3.1.2 Gas-exchange measurements and photosynthesis related traits  

Infra-red gas analysers (IRGA) provide reliable information on leaf gas exchange and 

carbon assimilation responses to water availability and other environmental conditions 

(Bacelar et al., 2007; Lawlor and Cornic, 2002; Nackley et al., 2016). Stomatal closure 

implies a reduction of water losses through the leaf at the expense of lower CO2 uptake 

(Sinclair et al., 1984). However, under moderate water deficits, partial stomatal closure (i.e. 

a reduction of gs) can sustain relatively high net CO2 assimilations rates (An) (Chaves et al., 

2011). The relationship between the water lost through the stomata and the leaf carbon net 

assimilation can be calculated as the ratio An / gs, which is known as the intrinsic water use 

efficiency (WUEi). In addition, other traits related to photosynthetic performance, such as 

the effective quantum efficiency of photosystem II (ΦPSII) or maximum quantum 

efficiency of photosystem II (Fv/Fm), can be determined by chlorophyll fluorescence 
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measurements and used as biotic and abiotic stress indicators (Baker and Rosenqvist, 2004; 

Feller and Vaseva, 2014; Pérez-Bueno et al., 2019). The patterns of variation of these traits 

in response to water deficit may help identify inter-cultivar differences in their sensitivity to 

this type of stress (e.g. Guan et al., 2015; Santos et al., 2009; Silva et al., 2007).  

2.3.1.3 Morpho-functional and biomass traits  

A number of leaf morpho-functional traits are also related with plant water use 

efficiency, growth and nutrient use (Kröber et al., 2015). For example, the ratio of leaf area 

to leaf biomass, or specific leaf area (SLA) is an indicator of the plant resource-acquisition 

strategy (Vile et al., 2005; Vilela and González-Paleo, 2015). In general, species from arid 

regions have lower SLA, while higher SLA is found in humid and resource-rich 

environments (Amanullah, 2015; Cheng et al., 2016; Liu et al., 2017). Leaf dry matter 

content (LDMC) is tightly associated with SLA (Wilson et al., 1999). This trait is related 

with resource-use efficiency (Vaieretti et al., 2007 and references therein) and has been 

used to classify different plant functional types and strategies (Duru et al., 2009; Hodgson 

et al., 2011; Saura-Mas and Lloret, 2007). Another widely used trait is the leaf relative 

water content (RWC) which provides useful information on the plant water status and can 

vary widely across cultivars (El Hafid et al., 1998a; Esmaeilpour et al., 2016; Nautiyal et 

al., 2002). Other biomass traits, such as total leaf area (TLA) or root biomass, provide key 

information on resource-capture capacity and water use variation across cultivars (Erice et 

al., 2010; Mediavilla et al., 2001; Vilela and González-Paleo, 2015). Besides, carbon 

allocation patterns could be influenced by environmental factors and can be used to assess 

intraspecific variability (Moragues et al., 2006; Stark and McCann, 1992). Thus, the 

variability patterns of all these traits could determine to a great extent the realized water use 

efficiency, plant growth and final yield. 

2.3.2 Drought response strategies 

Plant performance does not depend on a single functional mechanism but rather on a 

suite of traits that as a whole, determines the adaptive capacity of the plant to specific 

environments (De Micco and Aronne, 2012). From this point of view, we can describe 

three main strategies in response to water deficit based on different suite of traits: i) drought 

escape; ii) drought avoidance, which can be achieved either by water-saving or by water-
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spending traits and iii) dehydration tolerance. These strategies are not mutually exclusive 

and are sometimes interrelated (Levitt, 1980; Ludlow, 1989).  

Drought escape is based on a set of mechanisms that allow for rapid development 

through increased resource acquisition under favourable environmental conditions (Flexas 

and Medrano, 2003). Drought avoidance is the capacity of plants to prevent desiccation by 

keeping their tissues hydrated despite the water deficit. Drought avoidance can be achieved 

in two ways. One is through water-saving traits, by structural adjustments and the 

regulation of maximum gs to reduce water loss (Flexas and Medrano, 2003). The other 

drought avoidance strategy, adopted by water-spender types, is based on the maintenance of 

the plant tissues hydrated by the optimization of water uptake and effective use of water 

(Nakhforoosh et al., 2016; Polania et al., 2016). Dehydration tolerance mechanisms 

minimize tissue damages when desiccation of plant tissues finally occurs (Flexas and 

Medrano, 2003). The alternative strategies adopted by each plant-type and their main 

associated traits are summarized in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Strategies related to plant responses to drought and the main traits involved [adapted from 
Flexas and Medrano, 2003; Valladares et al., 2004] 

Plant maintains vital 
functions under desiccation 
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and stomata regulation (↓gs 
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transpiration rates 
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resource acquisition 
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roots, ↑ transpiration rates (↑gs), 
and increased resource acquisition 
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Minimize water loss (↑RWC) by 
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↓SPI) and reduced leaf area (↓ 
SLA and ↓TLA) 
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2.4 Garlic: adaptation to water scarcity and climate change scenarios, 
water sensitivity across developmental stages and socio-economic 
importance 
2.4.1 Garlic adaptation to water scarcity and climate change scenarios 

Garlic has been cultivated since thousands of years ago, even before Egypt and Roman 

civilizations (Rivlin, 2001; Zohary et al., 2012). Central Asia has been suggested as its 

primary centre of origin, while the Mediterranean basin and the Caucasus are considered 

secondary centres (Etoh and Simon, 2002). Those regions are mainly arid or semi-arid 

areas.  

During the last decades, there has been a significant increase in garlic yields in both 

Spain and Castile-La Mancha (Figure 5A). The cause of this increase is associated to the 

transition occurred from rain-fed to irrigated areas, since yields have remained stable when 

records of either rainfed or irrigated areas are analysed separately (Figure 5B). Given that 

there must have been improvements in the cultivation of garlic (e.g. improved technology 

and cultivation techniques, introduction of more productive cultivars and the use of better 

quality "seed") in the last 30 years, the stable yields observed along the period might have 

arisen by the co-occurrence of other limiting factors (e.g. climate change), counteracting 

the positive effect on yield of the above-mentioned improvements in the cultivation of 

garlic. 

Besides, not only water availability but other climatic factor such as temperature, 

photoperiod and radiation, influence garlic development (Rizzalli et al., 2002; Tchórzewska 

et al., 2017; Wu et al., 2016). For example, decreased net assimilation rates and impaired 

growth and bulb biomass have been reported with temperatures above ca. 25 ᵒC at ambient 

CO2 (Hsiao et al., 2019; Kim et al., 2013). Under the current context of climate change, the 

study of functional traits and phenotypic plasticity across garlic cultivars and different 

environmental conditions, can provide crucial information for garlic cultivar selection and 

breeding. However, to date, these studies in garlic are scarce (Egea et al., 2017; Volk et al., 

2004). 
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Figure 5. Time series of garlic yield and irrigated harvested area in Castile-La Mancha (A) and yield in 

Castile-La Mancha split by rainfed and irrigated area, as well as percentage of the total irrigated 

harvested area (B). The period 1971-2018 is included. Source: MAPA, 2019. 

2.4.2 Garlic diversity and breeding programs 

Garlic is distributed worldwide, and high genetic diversity has been evidenced in the last 

years (Barboza et al., 2019; Egea et al., 2017; Volk et al., 2004). Several morpho-functional 

traits such as phenology, bulb characteristics, bolting capacity, etc, have been described 

across garlic cultivars (Etoh and Simon, 2002). The existence of functional diversity is very 

important to support the selection of adapted cultivars to different environmental 

conditions. This is particularly relevant in garlic, because garlic breeding is severely 

constrained by the fact that most of garlic cultivars are sterile (Etoh and Simon, 2002) and 

only under  specific environmental conditions fertile individuals can produce viable seeds 

(Kamenetsky et al., 2004 and references therein). 

Under this context, knowledge on garlic’s functional diversity, phenotypic plasticity and 

its physiological response to environmental stressors becomes particularly important.  
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2.4.3 Garlic phenology and variation in the sensitivity to water deficit across growth 

stages 

Plant water requirements vary across developmental stages (Boonjung and Fukai, 1996; 

Kirda, 2002; Piccinni et al., 2009). In garlic, the response to environmental conditions also 

depends on the phenological stage (Kamenetsky et al., 2004; Lopez-Bellido et al. 2016) and 

can differ among cultivars (Tchórzewska et al., 2017). Previous studies on garlic have 

briefly analysed the effect of irrigation regimes at different crop stages (De La Cruz and 

García, 2007; Fabeiro Cortés et al., 2003; SangSik et al., 2007). In this thesis, emphasis has 

been given to study the impact of water deficit on physiological mechanisms at different 

phenological stages and their relationship with final bulb biomass. Bellido et al. (2016), 

described in detail six phenological stages and one additional stage of 

senescence/dormancy in garlic. For the purpose of this research, these stages can be 

reduced to two main stages, the pre-bulbing/vegetative stage and the bulbing stage. In this 

study, the shift from the vegetative stage to the bulbing stage starts with the beginning of 

bulb morpho-genesis by the formation of side shoots (BBCH stage 2; first bulbing phase in 

Bellido et al., 2016, Figure 6).  
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Figure 6. Garlic developmental stages [adapted from Bellido et al., 2016]. For simplicity, in Chapters 5.3 
we have divided those seven growth stages into two: pre-bulbing/vegetative stage and bulbing stage 
(Figure 5). 

Previously, Fabeiro Cortés et al. (2003), calibrated four garlic crop coefficients (Kc): 

Settling -Kc (I)-; vegetative development -Kc (II)-; bulbification-Kc (III)- and ripening -Kc 

(IV). Garlic water demand rise progressively throughout the growth cycle until ripening. 

Increased evapotranspiration (higher leaf area, Villalobos et al., 2004) is maintained until 

the plant reach the peak of total leaf area, at bulbing stage, which coincides with the more 

water demanding conditions of Mediterranean summers (Collet et al., 2013). Based on the 

study of Fabeiro Cortés et al. (2003) and other field trials on garlic (López-Urrea et al. 

2002, 2003), Dominguez et al. (2013) estimated crop yield responses (Ky) to water deficit 

across developmental stages, which were used to develop an optimized deficit irrigation 

methodology (ORDI) in garlic (this methodology and the phenological stages involved are 

further explained in Chapter 5.1).  

Pre-bulbing / Vegetative 
stage 

Bulbing stage 
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The evaluation of key functional traits at different stages can help understand the 

mechanisms involved in the functional response to water availability across the growth 

cycle. This approach, along with the analysis of inter-cultivar variability can contribute to a 

more efficient use of irrigation and provide valuable information on garlic water 

requirements.  

2.4.4 Garlic socio-economic importance 
Garlic importance stems from its culinary and health properties. In many regions of the 

world, and particularly in Mediterranean countries, garlic is a basic condiment of the 

traditional cuisine and has been used as a functional food since ancient times (Radd-

Vagenas et al., 2017; Renoux, 2005). Moreover, its several beneficial health effects 

(Amagase et al., 2001; Tattelman, 2005) and its functional properties are giving rise to new 

pharmaceutical goods of increasing demand on medicine (Arnault et al., 2005; Mazza, 

1998; Velíšek et al., 1997). According to the United States National Library of Medicine, 

biomedical research on garlic has increased by more than 1000% in the last 30 years 

(Figure 7). Henceforth, the study of garlic inter-cultivar responses to water scarcity can 

help evaluate the potential adaptation of this crop to current and future climatic scenarios in 

order to ensure the profitability and sustainability of this crop and provide socio-economic 

benefits. 

 

 

 

 

 

 

 

Figure 7. Results by year on garlic research on PubMed database in the period 1945-2019. Source: US 
National Library of Medicine National Institutes of Health 
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HYPOTHESIS AND OBJECTIVES 

 

The general objective of this thesis is to explore inter-cultivar variability of key 

functional traits and bulb production as a basis to sustainable garlic production and the 

adaptation of garlic crop to an increasingly limiting climate context, particularly in terms of 

water availability. The specific objectives of the study are: 

1. To evaluate the sensitivity of functional traits in response to water availability across 

cultivars and identify candidate traits that can be used as sensitive early indicators of 

garlic water deficit and plant performance. 

 

2. To describe functional strategies for drought resistance and unravel their main 

underlying traits. 

 
3. To provide a mechanistic basis to understand the impact of water deficit at different 

crop stages and its consequences on functional performance and bulb production. 

 
4. To assess inter-cultivar phenotypic plasticity and bulb production response to 

different environmental conditions. 

 

In this thesis, it is hypothesized that garlic has functional adaptations to water scarcity. 

These adaptations are variable across phenological stages. Besides, it is also considered that 

inter-cultivar variability exists in terms of functional performance and biomass gain in 

response to water availability. This functional diversity is reflected as different cultivar-

dependent drought-response strategies. Finally, it is hypothesised that phenotypic plasticity 

of specific key traits can facilitate adaptation to different water availabilities. 
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4. METHODOLOGY AND WORK PLAN 

In this section a synthesis of the material and methods applied, and the thesis work plan 

is provided. First the variables analysed are summarized in section 4.1. The cultivars 

studied are classified in section 4.2 and the work plan of the thesis is available in section 

4.3. More detailed material and methods are described in the corresponding sections of 

Chapter 5.  
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4.1. Main variables analysed throughout the thesis 

4.1.1. Main variables analysed and the rationale for choosing them 
Table 2. Main variables, abbreviators and definitions, and the rationale for choosing them 

Variable and 

abbreviations 

Definition and units Rationale 

Bulb and clove biomass; 

bulb diameter, bulb yield 

Harvested bulb biomass (g); bulb 

diameter (mm); the ratio between 

harvested bulbs (kg) per unit of cultivated 

area (ha) 

Estimator of overall performance and 

productivity 

Root dry biomass Root dry weigh collected per pot (g) Growth variable related to belowground 

resource acquisition 

Pseudo-stem size Pseudo-stem maximum diameter (mm) at 

the ground surface level 

Growth variable related to plant maturity 

and phenology 

Total leaf area (TLA) Sum of the surface of all the functional 

leaves (green leaves) of the plant (cm2) 

Growth variable and estimator of light 

capture and plant transpiration potential 

Leaf area index (LAI) Leaf area displayed per unit of land 

covered (cm2 cm-2) 

Allometric variable related to light capture 

and overall growth 

Specificc leaf area (SLA) Leaf area displayed per unit of leaf 

biomass (cm2 kg-1) 

Allometric variable related to stress 

tolerance and light capture at the leaf level 

Water consumption (IG) Volume of water supplied on each pot 

(L). 

Estimator of plant transpiration and 

irrigation needs. 

Bulb per leaf area (BLA) Bulb biomass per cm2 of leaf area (g) Estimator of dry matter partitioning and 

bulb biomass gain efficiency 

Bulb per litre of 

irrigation (BIG) 

Bulb biomass per litre of water supplied 

(g L-1) 

Estimator of water use efficiency and bulb 

biomass gain 

Relative water content 

(RWC) 

Current water content of a leaf tissue 

relative to the maximal water content it 

can hold at full turgidity (%) 

Indicator of plant water status 

Leaf dry matter content 

(LDMC) 

Leaf dry mass, divided by its water-

saturated fresh mass 

Indicator of a plant resource use strategy 

Stomatal pore area index 

(SPI) 

Dimensionless index calculated as 

stomatal density × guard cell length2 

Estimator of stomatal conductance potential 

and its regulation 

Stomatal conductance to 

water vapour (gs) 

The inverse of the resistance of water 

vapour diffusion through the stomatal 

pore 

Indicator of plant and soil water status and 

measurement of plant regulation of water 

loss and CO2 uptake 

Net CO2 assimilation rate 

(An) and intrinsic water 

use efficiency (WUEi) 

An is the flux of carbon dioxide uptake 

per unit time, per unit leaf area and WUEi 

is the ratio of CO2 uptake per unit of 

stomatal conductance (gs) at the leaf level 

Estimators of the plant photosynthetic 

performance (An) and water use efficiency 

(WUEi) 

Effective (ΦPSII) and 

maximum (Fv/Fm) 

quantum efficiency of 

photosystem II 

ΦPSII is the proportion of absorbed 

energy by photosystem II (PSII) that is 

used in photochemistry and Fv/Fm is the 

intrinsic efficiency of PSII (i.e. ΦPSII if 
all PSII centres were open). 

Estimator of the plant photosynthetic 

performance and indicator of physiological 

stress and photoinhibition  

Crop water stress index 

(CWSI) 

Thermographic index of plant water 

stress that relates leaf temperature to the 

potential maximum and minimum values 

under similar environmental conditions. 

Evaporative cooling occurs as water is lost 

through the stomata, so leaf temperature is 

an indirect indicator of leaf conductance to 

water vapour. 
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4.1.2. Methodology and equipment used in trait measurements 

4.1.2.1. Biomass traits 

Bulb biomass was weighed to the nearest mg with a precision scale when constant 

weight was reached. Bulb size was determined using an image analysis software or a 

calliper that was used to measure the larger diameter (ImageJ, public domain software; 

http://rsb.info.nih.gov/ij/). Dry root biomass and total dry matter content were obtained by 

oven-drying at 65 ºC for three days before weighing.  

 

 

 

 

 

4.1.2.2. Leaf area index (LAI) 

LAI was measured using a leaf area meter (model LI-3000, LI-COR, NE, USA) and 

calculated as leaf area per unit land area. The leaves were placed on the leaf area meter and 

passed through a fluorescent light source. A pressure roller flattens the leaves and the 

projected shadow of the leaves is measured  

 

 

4.1.2.3. Specific leaf area (SLA), leaf relative water content (RWC) and leaf dry matter 

content (LDMC) 

The youngest fully expanded leaves were selected for the measurement of these traits. 

The samples were oven dried at 65 ºC for three days and SLA was determined as the ratio 

of leaf area, calculated with ImageJ, to leaf dry weigh. RWC was calculated as [(FW − 

DW)/(RW − DW)]×100 where FW is fresh weigh, DW is dry weigh and RW the mass after 

Image 1. Bulb weight meausured in a precision scale and bulbs photograph for size meaurement 

Image 2. Leaf area meter (model LI-3000, LI-COR, NE, USA) 
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rehydration of leaf samples for 24 h in distilled water at 4 ºC. LDMC was calculated as 

[DW/RW] x 1000 (mg g−1).  

 

 

4.1.2.4. Pseudo-stem size 

The maximum diameter of the pseudo-stem was measured at ground surface level with a 

calliper to the nearest mm. 

 

 

 

 

 

4.1.2.5. Stomatal pore area index (SPI) 

SPI was calculated as stomatal density × guard cell length2 after microscopic 

measurement of impressions from abaxial and adaxial surfaces of the leaves following the 

procedure in Sack et al. (2003).  

 

 

 

 

4.1.2.6. Stomatal conductance (gs) 

Stomatal conductance was measured in both adaxial and abaxial surfaces with a steady-

state Leaf porometer (SC-1, Decagon Devices Inc., Pullman, WA, USA) or with a dynamic 

Image 3. Leaf samples and labelling for specific leaf area calculation Image 3. Leaf samples and labelling for specific leaf area calculation 

Image 4. Garlic pseudo-stem and plant size at different phenological stages Image 4. Garlic pseudo-stem and plant size at different phenological stages 

Image 5. Garlic stomata image obtained from optical microscope 
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diffusion type porometer (AP4 Leaf Porometer, Delta-T Devices Ltd., Cambridge, UK). 

Stomatal conductance is a function of the density, size, and degree of opening of the 

stomata. Porometers measure stomatal conductance by putting the conductance of a leaf in 

series with two known conductance elements and comparing the humidity measurements 

between them. 

 

 

 

 

4.1.2.7. Chlorophyll fluorescence variables 

Effective quantum efficiency of photosystem II (ΦPSII) and Maximum quantum 

efficiency of PSII (Fv/Fm) were calculated as indicated by Maxwell and Johnson (2000) 

with a FMS 2 field portable chlorophyll fluorimeter (Hansatech Instruments Ltd, King’s 

Lynn, UK). In the case of light adapted tissue, a proportion of PSII electron acceptors are 

reduced, closing some PSII reaction centres. Hence the probability that absorbed energy is 

used for photochemistry is not maximal as competing non-photochemical processes are 

operating. The measurement of the light adapted ratio of variable to maximal chlorophyll 

fluorescence ratio permits the estimation of ΦPSII. Fv/Fm is measured after dark adaptation 

and is commonly used to reference the measurements made on light adapted samples. Dark 

adaptation inhibits all light-dependent reactions and the resulting absence of 

photochemistry for a sufficient length of time allows complete re-oxidation of PSII electron 

acceptor molecules, opening PSII reaction centres and thus maximising the probability that 

absorbed light can be used for photochemistry. More information about FMS 2 field 

portable chlorophyll fluorimeter could be found in https://www.hansatech-

instruments.com/product/fms-2/.  

 

 

  

Image 6. Garlic stomatal conductance meausure with a leaf porometer 

Image 7. FMS 2 field portable chlorophyll fluorimeter (Hansatech Instruments Ltd, King’s Lynn, UK) and 

dark adaptation clips 
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4.1.2.8. Net assimilation rate of CO2 (An) and intrinsic water use efficiency (WUEi) 

An is the result of the net incoming mole fractions of CO2 into the leaf. WUEi, is the 

ratio between An and gs. These variables were measured using a portable photosynthetic 

measurement system model LI-6400XT Portable Photosynthesis System (Li-Cor 

Biosciences Inc., Lincoln, NE, USA). This equipment is frequently used to measure the leaf 

gas exchange. The parameters set in the leaf chamber for data collection were: 390 μmol 

mol-1 at atmospheric CO2 concentration, air temperature = 25 ± 0.5 °C; relative humidity = 

70 ± 5 %; air flow rate of 650 μmol s-1 and a photosynthetic photon flux density of 1500 

μmol m-2 s-1. The leaf contact chamber had an area of 6 cm² and measurements were made 

on the central part of the youngest fully expanded leaves covering completely the surface of 

the chamber.  

 

 

 

 

4.1.2.9. Crop water stress index (CWSI) 

Leaf transpiration through the stomata triggers evaporative cooling on plants and reduce 

canopy temperature, while under water deficit, stomatal closure increases leaf temperature. 

Ground based thermal imaging was used to remotely assess leaf temperature which is 

indirectly related to stomatal conductance. Thermal images were taken with a Fluke Ti300 

camera (Fluke Corporation, USA, 7.5-14 μm, 240x180 pixels; ε=0.96). The procedure 

described by Jones (1999b) was followed to establish a wet reference leaf (Twet) and a dry 

reference leaf (Tdry). With zenithal thermal images covering the whole plant and the 

reference surfaces, CWSI was calculated as: CWSI = (Tleaf-Twet) / (Tdry-Twet). 

 

 

  

Image 8. LI-6400XT Portable Photosynthesis System (Li-Cor Biosciences Inc., Lincoln, NE, USA) 

Image 9. Fluke Ti300 camera (Fluke Corporation, USA) and thermal image output on SmartView (Fluke 

Smartview 4.3, Fluke Corporation, Everett, WA, USA  
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4.2. Studied cultivars, origin and classification 
Table 3. Studied cultivars, flower stalk and morphological type (Lallemand et al., 1997), origin and distribution. Rainfall and temperature historical records 
in each cultivar traditional cultivation area. A photo of each cultivar is also provided. +++Weather data of Violet Spring, White Spring and “Gardacho” are not 
available since are commercial cultivars developed by private companies and are not related to a specific origin or cultivation area 

Cultivar and 
abbreviature 

Flower 
stalk type Type Origin and distribution 

December to March 
historical rainfall 
(mm) 

April to July 
historical rainfall 
(mm) 

December to 
July Tmin – Tmax 
(ºC) 

Photo 

Violet Spring 
(VSP) Hardneck IV Commercial widely distributed +++ +++ +++ 

 

White Spring 
(WSP) Hardneck III Commercial widely distributed +++ +++ +++ 

 

“Gardacho” 
(GAR) Softneck III Commercial widely distributed +++ +++ +++ 

Purple from 
“Las 
Pedroñeras” 
(PED) 

Hardneck I Las Pedroñeras (Spain). Widely 
distributed 154 137 0.5 – 32.3 
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Table 3 (continued) 

Cultivar and 
abbreviature 

Flower 
stalk type Type Origin and distribution 

December to March 
historical rainfall 
(mm) 

April to July 
historical rainfall 
(mm) 

December to 
July Tmin – Tmax 
(ºC) 

Photo 

“Fino de 
Chinchón” 
(CHI) 

Softneck II Chinchón (Spain). Locally 
restricted 171 134 0.5 – 26.6 

Cbt02710 
(DRY) Softneck V Santiago del Teide (Spain). Locally 

restricted 288 50 8.3 – 23.7 

Cbt 00089 
(DRYII) Softneck VI Vilaflor (Spain). Locally restricted 284 44 5.5 – 22.9 

 
 

Port07990 
(RAIN) Hardneck I Viana do Castelo (Portugal). 

Locally restricted 633 245 6.6 – 23.6 
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4.3. Thesis work plan across the years and experiments carried out 
Table 4. Experiments carried out across years. Detailed methodology of each experiment is available in the corresponding chapter and output 

Years Experimental design and irrigation treatment Studied 
cultivars 

Studied variables  Chapter and output Thesis 
objectives  

2015-
2017 

Factorial design with three factors: Irrigation treatment; crop stage 
and year. Four to 5 irrigation treatments were distributed by 
optimized regulated deficit irrigation in field plots: one without 
deficit (FullIG), and the other four with different limited available 
irrigation water volumes, corresponding to 100% (T100), 90% (T90), 
80% (T80) and 70% (T70) of net irrigation needs in a typical 
meterological year (TMY)  

PED  Bulb yield; gs; An; WUEi; 
LAI; total dry matter;  

  Chapter 5.1: 
DOI:10.1016/j.agwat.2019.105886  

1 and 3 

2016 Factorial design with two factors: water treatment and Cultivar. 
Two water treatments: well-watered (WW) or water deficit (WD) at 
the bulbing stage in the field. The five cultivars studied were 
randomly placed within each of the three plots of each corresponding 
water treatment 

GAR; 
PED; 
CHI; 
VSP; 
WSP 

Bulb and clove biomass; 
number of cloves; gs; 
ΦPSII; Fv/Fm; SPI; SLA; 
LDMC; RWC; pseudo-stem 
diameter 

  Chapter 5.2 
DOI:10.1016/j.scienta.2019.03.043 
  Annex I 

https://bit.ly/2uc8Aoc 
  Annex II 

DOI:10.13140/RG.2.2.10032.20486  

1 and 2 

2017 Factorial design with two water treatments: water deficit at the 
vegetative stage (SW) and water deficit at the bulbing stage (WS); 
and 4 cultivars planted in pots. 3 pots with 2 plants for each cultivar 
and treatment were established 

GAR; 
PED VSP; 
WSP 

Bulb and root biomass; 
phenology; gs 

  Annex III 
DOI: 10.13140/RG.2.2.20098.53441 
  Annex VI 
DOI: 10.13140/RG.2.2.11709.92647 

1 and 3 

Factorial design with two cultivars planted in pots and subjected to 
four water treatments: WW, well-watered for the whole growth 
period; WS, water deficit at the bulbing stage; SW, water deficit at 
the vegetative stage and SS, water deficit for the whole growth period  

GAR and 
PED 

Bulb biomass and root 
biomass; TLA; SLA; BIG, 
BLA; gs; IG; phenotypic 
plasticity 

  Chapter 5.3 
 Annex V: Oral presentation in the 

2018 meeting of the COST Action 
FA1306 - The quest for tolerant 
varieties - Phenotyping at plant and 
cellular level 

1 to 4 
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Table 4 (continued) 
Years Experimental design Studied 

cultivars 
Studied variables  Chapter and output Thesis 

objectives  
2018  

Gradient of soil water availability in 11 field plots and 5 cultivars of 
origins with contrasted environmental conditions 

GAR; 
PED; 
CHI; 
RAIN; 
DRYII;  

Bulb biomass and size; 
CWSI  

 Chapter 5.4 
 

1; 2 and 4 

Factorial design including five cultivars of origins with contrasted 
environmental conditions planted in pots and subjected to four water 
treatments: WW, WS, SW and SS depending on the crop stage 

GAR; 
PED; 
CHI; 
RAIN; 
DRY 

Bulb biomass and root 
biomass; TLA; SLA; BIG, 
BLA; gs; IG; phenotypic 
plasticity 

 Chapter 5.3 
 Annex IV 
DOI: 10.13140/RG.2.2.28526.15683 

1 to 4 

2019  
Gradient of soil water availability in 9 field plots with 5 cultivars of 
origins with contrasted environmental conditions  

GAR; 
PED; 
CHI; 
RAIN; 
DRYII 

Bulb biomass and size; 
CWSI 

 Chapter 5.4 
 

1; 2 and 4 
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CHAPTER V-RESULTS 
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5. RESULTS 

This section includes different subsections that are structured as scientific articles. 

Subsections 5.1 and 5.2 are manuscripts already published in peer review journals (Q1 in 

SJR journal ratio) and have the permission to be published here. Subsection 5.3 is under 

review in Scientia Horticulturae (Q1 in SJR journal ratio). Subsection 5.4 is being prepared 

for its submission to a peer review scientific journal. 
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5.1. Functional response of garlic to optimized regulated deficit 
irrigation (ORDI) across crop stages and years: Is physiological 
performance impaired at the most sensitive stages to water deficit?  

  

Journal: Agricultural Water Management 
Category Name: Agronomy / Water resources 
Quartile in Category: Q1 (9/89) / Q1 (12/91) 
Journal Citation Report (JCR) Impact factor2018: 3.542 
ISSN: 0378-3774 
DOI: 10.1016/j.agwat.2019.105886 
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journal homepage: www.elsevier.com/locate/agwat

Functional response of garlic to optimized regulated deficit irrigation
(ORDI) across crop stages and years: Is physiological performance impaired
at the most sensitive stages to water deficit?

Sánchez-Virosta Aa,1, Léllis B.Cb,1, Pardo J.Jb, Martínez-Romero Ab, Sánchez-Gómez Da,
Domínguez Ab,*
a Instituto Regional de Investigación y Desarrollo Agroalimentario y Forestal de Castilla La Mancha (IRIAF), CIAF de Albaladejito, Ctra- Cuenca- Toledo, km. 174, 16194,
Cuenca, Spain
bUniversidad de Castilla-La Mancha (UCLM), Centro Regional de Estudios del Agua (CREA), Ctra. de Las Peñas, km 3.2, 02071 Albacete, Spain

A R T I C L E I N F O

Keywords:
Semiarid climate
Stomatal conductance
Net assimilation rate
Intrinsic water use efficiency
Irrigation management

A B S T R A C T

Garlic is widely cultivated around the globe. Particularly in semi-arid regions, where limited water reservoirs are
getting more valuable due to climate change and increasing demand. In this context, implementation of irri-
gation management techniques such as the optimized regulated deficit irrigation (ORDI) are beginning to be
explored. ORDI distributes the total available water, based on the needs at each growing stage (in the case of
garlic: establishment=Ky(i’), crop development=Ky(i’’), bulbification=Ky(ii) and ripening=Ky(iii)). To
evaluate and improve deficit irrigation strategies, leaf functional traits such as stomatal conductance (gs); net
CO2 assimilation rate (An) and the ratio of An and gs, known as the intrinsic water use efficiency (WUEi) can be
reliable indicators of the functional response of the plant and its acclimation to deficit irrigation. In this study,
five irrigation treatments were analyzed during 2016 and 2017: one without water limitation (FullIG), and the
other four with different irrigation water supplies, corresponding to 100 %, 90%, 80% and 70% of net irrigation
needs of purple garlic for intermediate weather conditions of a typical meteorological year (TMY). In 2015, the
same treatments except T100 were analyzed. Thus, FullIG and T100 were the same treatment up to the amount of
water assigned to T100 was depleted. In the case of T90, T80 and T70, the allocation of the amount of available
irrigation water was optimized by using ORDI. Garlic displayed acclimation to water deficits imposed by ORDI.
ORDI allowed the recovery of optimal physiological performance of garlic after water stressed and increased
irrigation supply at the most drought sensitive stages. However, other environmental factors besides water
deficit, affected biomass increment and finally bulb yield throughout the studied years. Overall, this study
confirmed that ORDI optimized irrigation water supply throughout the crop cycle, minimizing yield losses in the
most water limited treatments and supported the use of selected functional traits as early proxies of crop yield to
assist and improve irrigation management of garlic in areas with restricted water availability.

1. Introduction

Water supply for irrigation is becoming increasingly limiting for
crop productivity in many parts of the world, particularly the
Mediterranean region. Climate change-driven acuter droughts and in-
creased temperatures, decreasing fresh water reserves, increasing de-
mand and costs of water, and competition of economic sectors over its
access and use (Tuberosa et al., 2007). Therefore, there is a claim for a
more efficient and sustainable use of agricultural water (Fischer et al.,
2007; Ison et al., 2007; Vörösmarty et al., 2000).

In this context, it is required to improve the efficiency of irrigation
(Geerts and Raes, 2009). Some management techniques, such as regu-
lated deficit irrigation (RDI) (English, 1990), can improve the use of
water for agriculture. RDI distributes irrigation water conditioned by
the phenology and the growth requirements and it has been proved as
an efficient methodology in several crops (Kirda, 2002). The main
limitation of RDI experiments was to determine the optimal level of
deficit to be applied at each phenological stage in order to maximize
yield. In this sense, the optimized regulated deficit irrigation (ORDI)
methodology maximizes the yield of annual crops when the objective is

https://doi.org/10.1016/j.agwat.2019.105886
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to reach a certain deficit for the whole growing period (Domínguez
et al., 2012), or when the amount of available irrigation water is lower
than the requirements of the crop (Leite et al., 2015). This methodology
determines the optimal combination of deficit levels at phenological
stages and was developed for the MOPECO model (Ortega Álvarez
et al., 2004), which was designed to maximize the profitability of ir-
rigation farms through a more efficient use of irrigation water and
cultivable area (Domínguez et al., 2017).

Plant susceptibility to water stress depends on the duration and
intensity of the water deficit, (Mcdowell et al., 2008). Plants display
different functional responses to water deficit and other environmental
stresses that help the plants maintain vital functions for longer periods
in adverse conditions (Levitt, 1980). Important physiological traits and
functions such as stomatal conductance, photosynthesis and different
metabolic pathways are affected under water deficit (Chaves et al.,
2011, 2009). Understanding the physiological response related to
carbon assimilation and water use under water deficit could be helpful
to understand plant acclimation to this type of stress and assist deficit
irrigation strategies aiming to optimize crop productivity and water use
(Flexas et al., 2004). Leaf stomatal conductance (gs) is a key trait that
determines the exchange of both CO2 and water vapour with the at-
mosphere. Therefore it regulates the rates of transpiration (water
losses) and carbon assimilation through photosynthesis and, in turn,
crop growth and productivity (Fischer et al., 1998). Under moderate
water deficits reduced gs coupled with relatively high assimilation rates
can be observed (Chaves et al., 2011). This effect enhance carbon
fixation per unit of water loss (Chatterjee and Solankey, 2015) and can
be evaluated as the ratio of net assimilation rate of CO2 (An) and gs. This
ratio is known as the intrinsic water use efficiency (WUEi, Bunce,
2016). Evaluation of these leaf functional traits can be reliable methods
to detect abiotic stress on plants and inform irrigation management
(Cifre et al., 2005; Flexas et al., 2004). Complementarily, traits such as
total dry matter (TDM) and leaf area index (LAI) are integrated de-
scriptors of the plant functional response that are usually used to
evaluate the plant response to water availability and other climatic
factors (Ewert, 2004; Monteith, 1977; Patanè, 2011).

In any case, dry matter production and final yield depend to a great
extent on the phenological stage at which the water deficit is applied
(Boonjung and Fukai, 1996; García-Tejero et al., 2010). Thus, the study
of the variation on the functional response across the different stages of
the crop cycle is fundamental to identify the most sensitive stages of the
crop to water deficit and manage irrigation methods accordingly to
optimize the productivity and water use of the crop. Finally, prolonged
and /or severe water deficits can produce chronic damage on the
physiology of plants (Lichtenthaler, 1996). In this sense, the recovery of
physiological performance after water deficit has also been highlighted
as a key descriptor to evaluate the magnitude of the impact and the
drought tolerance of the plant (Chaves et al., 2009; Nunes et al., 2009;
Ramírez et al., 2016).

Garlic is a traditional crop that has been used for thousands of years
(Rivlin, 2001). Nowadays is the second most produced Allium crop in
the world (Food and Agriculture Organization of the United Nations,
2019). Its economic importance rests on its cuisine and healthy prop-
erties (Leelarungrayub et al., 2006; Magaudda, 2006; Martins et al.,
2016). Given the economic and social importance of garlic, in the last
20 years an important effort has been devoted to improve the pro-
ductivity of garlic under deficit irrigation (Fabeiro Cortés et al., 2003;
Hanson et al., 2003; Villalobos et al., 2004). The specific methodology
ORDI was successfully calibrated for purple garlic under the semiarid
conditions of Castilla-La Mancha region (Spain) (Domínguez et al.,
2013). Available evidence has shown that impact of water deficit on
garlic, depends on its intensity and the growth stage in which it occurs.
Sangsik et al. (2007) stated that both the leaf development and the size
of the bulb are affected by water deficit. If the crop suffers water deficit
during the formation of the bulb, its size tends to decrease (Fabeiro
Cortés et al., 2003). At very early stages, water deficit causes

dehydration of the bulbils. Yet overwatering either at early or late
stages can lead to bulb/clove rot (De La Cruz, 2007). Finally, garlic
development and physiology is also influenced by temperature and
other climatic factors (Kim et al., 2013; Lopez-Bellido et al., 2016; Wu
et al., 2016a, 2015) that vary across years.

The main objective of this study was to assess the influence of ORDI
methodology on key functional traits at different crop stages of the
purple garlic of Las Pedroñeras such as stomatal conductance, net as-
similation rate, WUEi, and other integrated descriptors of the plant
functional performance such as TDM and LAI and their influence on
bulb yield. The specific objectives were 1) Evaluate the goodness of
ORDI to save water by increasing the water productivity and ensure
physiological performance across the crop cycle, especially at the most
sensitive stages for bulb development; 2) Identify candidate traits that
can be used as early and sensitive indicators of garlic water status to
improve irrigation scheduling; and 3) Provide a mechanistic basis to
understand how deficit irrigation at different crop stages impact on the
final total dry mass and yield of the crop.

2. Material and methods

2.1. Site description

The climate of the experimental area is characterized as semi-arid.
The average annual precipitation is approximately 400mm year-1 (re-
gistered mainly in spring and autumn), and the reference evapo-
transpiration values can exceed 1.100mm year−1 (Domínguez and de
Juan, 2008). The soil of the experimental plots is classified as Calcix-
errollic-Petrocalcic-Xerochrepts (USDA-NCRS, 2006). It has clay loam
texture in the upper 50 cm of the soil profile. The effective depth of the
root (40 cm) is limited by the development of petrocalcic horizons,
which are partially fragmented (Camargo, 2013). The soil of the plots
had a very basic pH (8.5) and slightly saline characteristics (electrical
conductivity of saturated soil extract= 0.81 dSm−1). The organic
matter content is within the normal range (2.4%), but it decreases with
depth. The dose of fertilizer was applied based on the expected yield for
each treatment and following the basic extraction rates of garlic
(Castellanos et al., 2001).

2.2. Experimental design

Three seasons field experiment was conducted during the years
2015, 2016 and 2017 in Centro Integral de Formación Profesional de
Aguas Nuevas (Albacete, Spain), situated in UTM X: 595368,
Y4311310, at 695m.a.s.l. Five irrigation treatments were distributed by
ORDI during 2016 and 2017: one without deficit (FullIG), and the other
four with different limited available irrigation water volumes, corre-
sponding to 100% (T100), 90% (T90), 80% (T80) and 70% (T70) of net
irrigation needs of purple garlic for intermediate weather conditions of
a typical meteorological year (TMY) (established in 3400m3 ha-1 =
T100). In 2015, the same treatments except T100 were analyzed. Thus,
FullIG and T100 were the same treatment up to the amount of water
assigned to T100 was depleted. In the case of T90, T80 and T70, the
allocation of the amount of available irrigation water was optimized by
using ORDI. Garlic bulbs were manually planted in January (14th, 14th
and 16th, respectively) with a space of 0.08m between plants and
0.50m between lines. Four experimental plots (2.5× 18.0m) per def-
icit treatment were randomly distributed, while in the case of the T100
and Full IG treatments there were three plots, due to both treatments
received the same irrigation schedule until the available amount of
water for T100 was exhausted. Therefore, both treatments were the
same, and differences could occur at the end of the last development
stage. A drip irrigation system (0.5× 0.5m between pipes and emit-
ters) with self-compensating emitters (flow: 3.8 l h−1) was used during
the three seasons. The quality of irrigation water in the area is suitable
for irrigation (pH=7.66; electrical conductivity =0.85 dS m-1; total
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salt content= 0.6mg L−1; organic matter content = 0.93mg L−1). In
three of the four repetitions of T90, T80 and T70, and in two of the
three repetitions of FullIG and T100, sensors for monitoring the soil
water potential (SWP) during the experiments were installed:
Watermark© tensiometer sensors at 20 and 40 cm depth. Sensors were
installed in the middle of the subplot and close to one of the two central
planting lines between two consecutive plants. Soil water potential
values for each year, stage and treatment could be found in Fig. 1.

During the field trials, daily irrigation scheduling was performed by
using the simplified water balance methodology in the root zone (Allen
et al., 1998), which is the one used by MOPECO (Domínguez et al.,
2011).

The climatic data (Table 1) were collected from the weather station
“Albacete” placed in the experimental farm, which belongs to the na-
tional network of the agroclimatic information system for irrigation
managed by the MAPAMA (http://eportal.magrama.gob.es/websiar/
inicio.aspx).

2.3. Optimized regulated deficit irrigation for limited volumes of irrigation
water

To determine the irrigation scheduling of each treatment at each
development stage, the ORDI methodology for limited volumes of
available irrigation water was used (Leite et al., 2015). This metho-
dology determines the deficit target in terms of the ratio between actual
and maximum evapotranspiration (ETa/ETm) at each growing stage (in
the case of garlic: establishment=Ky(i’); crop development=Ky(i’’);
bulbification=Ky(ii); and ripening=Ky(iii)) and estimates the
amount of irrigation water to be applied at each stage. During the real
management of the crop, the ETa/ETm ratios proposed by the metho-
dology must be updated in order to fit the real climatic conditions with
the irrigation water available. A more complete explanation of this
methodology and its application in this experiment can be found in

Lellis, 2017. Irrigation supply and average ETa/ETm values for each
year, stage and treatment could be found in Table 2.

2.4. Physiological and growth parameters monitoring

Data of physiological traits were collected from two plots of each
treatment in two representative plants of the central part of each plot.
Measurements of net assimilation rates (An) and stomatal conductance
(gs) were done under clear-sky conditions, on the third youngest and
fully developed leaf which did not show deformities or diseases.

Stomatal conductance was measured at natural incident photo-
synthetic flux density (PPFD) between 10:00 a.m and 2:00 p.m, with a
dynamic diffusion type porometer (AP4 Leaf Porometer, Delta-T
Devices Ltd., Cambridge, UK) with a measuring interval between 5 and
1200mmol m² s−1. Depending on the climatic conditions, gs was
measured with a frequency of 7–14 days throughout the three seasons.

Net assimilation rate (An) values were recorded by a portable pho-
tosynthesis system for gas exchange measurements (LI6400-TX model,
LI-COR Bioscience, NE, USA). The parameters of the leaf chamber for
data collection were determined according to the characteristics of the
test area: 390 μmol mol−1 for CO2 atmospheric concentration;
25 ± 0.5 °C for air temperature, 70 ± 5% for air relative humidity; a
flow rate of 650 μmol s−1 of air and a PPFD of 1500 μmolm−2 s−1.
Measurements were made in the central part of the leaf and the whole
area of the chamber (6 cm²) was covered. Readings of An were made for
each treatment at least once in every stage of 2016 and 2017 seasons.
Concurrent with the An measurement, gs values were recorded and the
intrinsic water-use efficiency (WUEi) was calculated for each plant as
the ratio of leaf assimilation rate (An) to leaf stomatal conductance (gs).

In addition to physiological measurements, samples of plant mate-
rial were taken with a periodicity of 15 days to monitor total dry matter
(TDM) and leaf area index (LAI) evolution. In two plots of each treat-
ment, four representative and consecutive plants, located in the central

Fig. 1. Soil water potential (SWP) for each treatment across years and stages. Data reported are the mean of the watermark tensiometer sensors at 20 and 40 cm
depth. Stages are listed between dotted vertical bars.

Table 1
Climatic conditions, gross precipitations (P), vapour pressure deficit (VPD) and duration of the stages in the three seasons. Data reported of Tmean and VPD are
means ± standard errors based on daily records. Different letters indicate values significantly different at P < 0.05 according to a LSD Fisher test.

Year/Stage Tmean (ºC) Days Tmax(> 25ºC) Days Tmin (<0ºC) VPD P (mm) ET0 Stage length (days)

Ky (i’)
2015 5.98 ± 0.40a 0 35 0.27 ± 0.02a 97.1 139.7 73
2016 6.69 ± 0.37a 0 24 0.25 ± 0.01a 22.9 94.3 54
2017 7.04 ± 0.40a 2 22 0.25 ± 0.01a 128.4 112.5 61
Ky (i’’)
2015 13.21 ± 0.46d 6 1 0.53 ± 0.04c 12.9 149.4 41
2016 9.94 ± 0.37b 0 11 0.39 ± 0.02b 65.9 171.6 55
2017 11.50 ± 0.47c 6 10 0.47 ± 0.03bc 28.9 177.8 50
Ky (ii)
2015 18.76 ± 0.45f 25 0 1.10 ± 0.06e 10.3 195.2 33
2016 17.12 ± 0.61e 21 1 0.90 ± 0.07d 41.0 248.0 47
2017 18.55 ± 0.43f 26 0 0.97 ± 0.06de 16.1 193.4 33
Ky (iii)
2015 22.86 ± 0.84 g 23 0 1.54 ± 0.15f 35.8 183.9 28
2016 23.28 ± 0.42 g 29 0 1.47 ± 0.06f 0.8 188.5 30
2017 25.26 ± 0.45 h 20 0 1.90 ± 0.08 g 0.2 120.9 20
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part of the plot, were collected. Biomass sampling was initiated from
the establishment of the crop, determined by the emergence of the third
leaf. The last sampling was carried out approximately 10 days before
harvest which is considered as the final total dry matter.

A functional dynamic method was used to analyze the progression
of the TDM and LAI as a continuous process of growth, adjusting the
data obtained in the field to a mathematical model that represents the
evolution of the growth parameters over time (Castrignano et al.,
1987). The evolution of TDM was adjusted to a sigmoidal type model by
Gompertz (Winsor, 1932), while LAI was adjusted to a Peak-Gaussian
model (Hao et al., 2016). These models were chosen due to their
goodness of fit (R2 > 0.9) with the data obtained in the field, where
the independent variable is the duration of the period in days.

2.5. Statistical analysis

Analysis of variance (ANOVA) with three factors (Irrigation treat-
ment, Stage and Year) was carried out to evaluate the effect of these
factors on An, gs, WUEi, TDM, LAI, and final yield, while Stage and Year
were the factors analyzed on climatic variables. Afterwards, a post-hoc
analysis (Fisher-LSD) was performed to identify homogeneous groups
within each factor or combination of significant factors analyzed.
Pearson’s correlations were computed separately both for each year
(stages pooled) and for each stage (years pooled) to explore the re-
lationship between climatic variables and the studied functional traits.
The software STATISTICA v.10 (Statsoft Inc., Tulsa, OK, USA) was used
for data analysis.

3. Results

3.1. Stomatal conductance to water vapor (gs), net assimilation rates (An)
and intrinsic water use efficiency (WUEi) throughout the crop stages

Stomatal conductance (gs) was very dynamic. It differed sig-
nificantly across the different combinations of treatments and stages
(Tables 3 and 4). A similar pattern of variation across stages was found.
Values of gs at Ky(i’’) were lower than 200mmol·m-2·s-1 in all the years
and a trend of higher gs values at Ky(ii) was found. After this stage, at
Ky(iii), a general decline on gs occurred. However, the pattern differed
across years since the interaction between year and stage was

significant (F (2/76)= 18.110, p= 0.000). Thus in 2016, lower gs
values at Ky(i’’) were found as compared to those in 2015 and 2017. In
contrast, at Ky(ii), lower gs was found in 2017 while the longer and
cooler stage Ky(iii) in 2016, had particularly higher gs than those in
2015 and 2017, especially FullIG, which displayed the highest values of
the whole season at this stage Ky(iii). Nevertheless, treatments followed
a similar pattern across years and stages. FullIG showed a trend of
higher gs while the lowest values were found in T80 and T70. However,
these differences among treatments were less pronounced at stages Ky
(i’’) and Ky(iii) (Table 3). However, a tendency of highest gs values were
found at Ky(ii), especially in T80 and T70, compared to the other
stages. At Ky(iii), FullIG showed significant differences with the other
treatments in every year, while the rest of treatments were significantly
different in 2016 at this stage.

Net assimilation rate (An) and WUEi showed variation among stages
and years (Fig. 2). The factors treatment, stage and their interaction
were significant for An in 2016 and 2017. The same occurred for WUEi
in 2017, yet only stage but not treatment was significant in 2016
(Table 4). A general increase of An in Ky(ii) compared to those at Ky(i’’)
were found in 2016 and on T70 and T80 in 2017. Afterwards, a de-
crease of An at Ky(iii) was found in both years for every treatment
(Fig. 2). At Ky(i’’), the most marked differences among treatments were
observed in both years. In contrast, at Ky(ii), differences among treat-
ments were reduced in both years, with especially pronounced incre-
ment of An in T80 and T70. At Ky(iii), all treatments had similar An

values in both years with significant differences detected only between
FullIG and the rest of treatments in 2016, as occurred in gs (Fig. 2,
Table 3). Despite differences among treatments on WUEi were only
significant in 2017, a trend of increased values on the treatments with
higher water deficit were found in both years, especially at Ky(i’’).
Higher WUEi was found in 2017 than in 2016 at Ky(ii). Besides, the
lowest WUEi values were found at Ky(ii) in 2016, with non-significant
differences among treatments (Fig. 2), while in 2017, at that stage,
significant differences for WUEi were only found between FullIG and
T70. Conversely, at Ky(iii), WUEi tended to increase in 2016 yet to
decrease in 2017, with respect to the previous stage. Significant dif-
ferences in WUEi among treatments were only found between T100 and
T90 at this stage in both years (Fig. 2).

Table 2
A) Seasonal and stage irrigation supply (mm ha-1) for each treatment; B) Mean ETa/ETm ± standard error for every treatment at each stage. Data reported of ETa/
ETm is based on daily records. Different letters indicate values significantly different at P < 0.05 According to a LSD Fisher test at each year. +Treatment T100 in
2015 was not tested.

A) Irrigation (mm) B) ETa/Etm

Treatment

Stage/Year Full IG T100 T90 T80 T70 Full IG T100 T90 T80 T70

2015
Ky (i´) 0.0 * 0.0 0.0 0.0 1.00 ± 0.0q * 1.00 ± 0.0q 1.00 ± 0.0q 1.00 ± 0.0q
Ky (i´´) 65.2 * 17.8 11.5 13.0 0.99 ± 0.01 pq * 0.80 ± 0.04 hi 0.80 ± 0.04 hi 0.80 ± 0.04 hi
Ky (ii) 151.1 * 165.8 168.2 146.4 0.88 ± 0.03 jklm * 0.88 ± 0.03 jklm 0.88 ± 0.03 jklm 0.76 ± 0.04 gh
Ky (iii) 37.4 * 17.1 0.0 0.0 0.85 ± 0.04 ijkl * 0.71 ± 0.05 g 0.52 ± 0.06 cde 0.54 ± 0.06 def
Total Irrigation 2015 253.7 * 200.7 179.7 159.4
2016
Ky (i´) 18.6 19.3 16.0 17.4 15.7 1.00 ± 0.0q 1.00 ± 0.0q 1.00 ± 0.0q 1.00 ± 0.0q 1.00 ± 0.0q
Ky (i´´) 41.8 38.0 13.7 9.9 8.3 1.00 ± 0.00 q 1.00 ± 0.00 q 0.93 ± 0.02 mnop 0.92 ± 0.02 lmno 0.92 ± 0.02 lmn
Ky (ii) 169.2 176.5 160.6 157.7 124.3 0.91 ± 0.02 klmn 0.91 ± 0.02 klmn 0.88 ± 0.03 jklm 0.85 ± 0.03 ij 0.74 ± 0.04 gh
Ky (iii) 114.0 41.0 60.0 37.4 38.7 0.89 ± 0.05 jklm 0.45 ± 0.07 abc 0.6 ± 0.07 e 0.43 ± 0.05 ab 0.38 ± 0.06 a
Total Irrigation 2016 343.5 274.8 250.2 222.4 187.1
2017
Ky (i´) 0.0 0.0 0.0 0.0 0.0 1.00 ± 0.00 q 1.00 ± 0.00 q 1.00 ± 0.00 q 1.00 ± 0.00 q 1.00 ± 0.00 q
Ky (i´´) 66.9 71.3 63.6 52.1 33.0 1.00 ± 0.00 q 1.00 ± 0.00 q 0.99 ± 0.00 q 0.92 ± 0.02 lmno 0.88 ± 0.02 jklm
Ky (ii) 183.3 168.3 170.1 148.0 145.7 1.00 ± 0.00 q 0.97 ± 0.01 nopq 0.98 ± 0.01 jklm 0.92 ± 0.01 lmno 0.85 ± 0.02 ijk
Ky (iii) 22.0 26.0 15.0 22.5 15.0 1.00 ± 0.00 opq 0.61 ± 0.07 ef 0.49 ± 0.06 bcd 0.47 ± 0.05 bcd 0.41 ± 0.05 ab
Total Irrigation 2017 272.2 265.5 248.6 222.6 193.7
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3.2. Physiological variables in relation to soil water potential and climatic
conditions

The correlations found among physiological and environmental
variables were stage and year dependent (Table 5A and 5B). At Ky(i’’)
strong correlations were found in the three physiological variables (gs,
An and WUEi) with SWP and ETa/ETm, while the other environmental
factors were weakly correlated or not correlated at all at this stage.
Conversely, at Ky(ii), when plants were submitted to higher water
supply (Table 2), significant correlations of gs, An and WUEi with SWP
were not found. However, at this stage Ky(ii), gs and WUEi were cor-
related with other climatic factors, such as vapour pressure deficit
(VPD) and Tmean. Non-significant correlations were found between An

with any environmental factor analysed at Ky(ii). Greater variation was
found at Ky(iii), and environmental factors affected differently to the
physiological variables at this stage. While gs and An were inversely
correlated with SWP, no correlation was found between WUEi and this
factor. In turn, WUEi was highly correlated with VPD, as occurred, to a
lesser extent, in gs at this warmer (Table 1) stage Ky(iii) (Table 5).

The impact of the climatic conditions on the physiology of garlic
plants differed according to the year (Table 5B). While gs was inversely
correlated with SWP the three years of the study, the correlations of gs
with VPD, ETa/ETm and Tmean were year dependent. In 2016, with the
mildest climatic conditions (Table 1), VPD and Tmean impacted posi-
tively on gs values in 2016 while in 2017, with higher temperatures
(Table 1), these two climatic factors impacted negatively gs values. In
contrast, the correlations found between An and the climatic factors in
2016 and 2017, followed a similar pattern and the only difference
found between the two years in this variable was the inverse correlation

with Tmean in 2017, which was not significant in 2016. The same effect
of Tmean occurred for WUEi, which had high inter-year variation in its
response to the climatic factors between 2016 and 2017. In 2016, WUEi
was positively correlated with SWP and VPD, while in 2017, VPD af-
fected negatively WUEi (Table 5B).

3.3. Bulb yield, leaf area index (LAI) and total dry matter (TDM)
progression across the growing stages

Evolution of LAI and total dry matter showed significant differences
across years, treatments, stages and their interactions (p < 0.000 in all
cases). In general, lower biomass and LAI were found in the treatments
with the highest water deficit (Fig. 3). However, total dry biomass
(TDM), did not differ among treatments before Ky(ii) in 2015 and 2016,
while in 2017, a significant effect of the treatment was not found until
Ky(iii) was reached (Table 6). Treatment differences in LAI were more
pronounced and, except for those at Ky(i’’) in 2017, all the treatments
were significantly different across years and stages since Ky(i’’)
(Table 6). In 2015, garlic growth was delayed at the beginning of the
growth cycle as compared to the observed pattern in 2016 and 2017,
yet once at Ky(i’’), LAI increased sharply in every treatment and
reached the highest values at stages Ky(ii) and Ky(iii) as compared to
those in the other years. In 2016, the evolution of LAI was slower but
longer. LAI progressively increased this year until the end of Ky(ii).
Furthermore, treatment, FullIG, maintained the increase of LAI until the
middle of Ky(iii). In 2017, maximum LAI reached similar values than
those in 2016. However, this maximum was achieved earlier and, since
the middle of Ky(ii), LAI showed a sharp decline in every treatment
(Fig. 3).

Significant inter-year variation was observed in bulb yield (F(1/
32)= 1882.78, p < 0.000). The effect of treatment (F(3/
32)= 103.70, p < 0.000) and its interaction (F(3/32)= 4.49,
p=0.001) with the factor year were also significant. Besides, the
highest correlations between gs with TDM and bulb yield were found at
Ky (ii) followed by the mean of gs during the whole season (Fig. 4). The
highest yields were found in FullIG treatments in 2015 and 2016. In
2017, the lowest bulb yields were found in all the treatments as com-
pared to the rest of years. For instance, treatments T70 in 2015 and
2016 had higher yield than the highest-yield treatments in 2017
(Fig. 5).

4. Discussion

4.1. Physiological response to ORDI and climatic conditions

The analysis of the physiological response to ORDI is a novel ap-
proach to evaluate this irrigation methodology. The results of this study

Table 3
Stomatal conductance (gs) response across stages and treatments in the different seasons. Mean gs ± standard error for every treatment at each stage is provided.
Different letters indicate values significantly different at P < 0.05 According to a LSD Fisher test within the same year. *Treatment T100 in 2015 was not tested.

gs (mmol·m-2s-1)
Treatment

Year/Stage FullIG T100 T90 T80 T70
2015
Ky(i’’) 146.4 ± 10.6 abc * 99.5 ± 12.2 ab 109.5 ± 21.0 ab 65.4 ± 11.0 a
Ky(ii) 438.0 ± 58.3 d * 229.4 ± 30.5 c 183.0 ± 16.1 bc 185.5 ± 25.9 bc
Ky(iii) 74.0 ± 11.1 ab * 99.2 ± 15.4 ab 100.0 ± 16.6 ab 95.3 ± 4.2 ab
2016
Ky(i’’) 71.6 ± 7.5 a 76.9 ± 7.6 a 58.3 ± 3.5 a 51.5 ± 4.6 a 49.6 ± 3.5 a
Ky(ii) 355.1 ± 54.4 g 271.9 ± 30.8 ef 256.3 ± 37.1 def 221.9 ± 18.2 cde 178.1 ± 10.3 bc
Ky(iii) 440.2 ± 34.8 h 308.7 ± 10.1 fg 284.1 ± 36.1 ef 203.4 ± 3.2 bcd 150. 9 ± 3.6 b
2017
Ky(i’’) 186.7 ± 16.9 f 194.0 ± 24.9 f 105.1 ± 6.3 abcd 88.2 ± 4.3 ab 77.6 ± 9.7 a
Ky(ii) 135.5 ± 8.4 e 128.6 ± 5.1 de 107.7 ± 5.1 bcd 108.3 ± 5.0 bcd 97.0 ± 5.8 abc
Ky(iii) 133.9 ± 11.2 cde 88.0 ± 4.6 ab 82.8 ± 1.7 ab 83.3 ± 2.7 ab 78.3 ± 3.2 ab

Table 4
ANOVA results of stomatal conductance (gs); Net assimilation rate (An) and
Intrinsic water use efficiency (WUEi) in response to the factors Treatment (T),
Stage (S) and its interaction (T x S). The analysis was performed within the
same year. Signification level: #= 0.1 > p > 0.05; *=0.05 > p > 0.01;
**= 0.01 > p > 0.005; *** p < 0.005; N.S=Not significant.

Year/
Variable

Treatment (T) Stage (S) T x S

2015
gs F(3/100)= 3.35* F(2/100)= 26.11*** F(6/100)= 3.19**
2016
gs F(4/165)= 22.45*** F(2/165)= 162.13*** F(8/165)= 5.18***
An F(4/65)= 3.25* F(2/65)= 49.13*** F(8/65)= 4.26***
WUEi F(4/65)= 1.29 (N.S) F(2/65)= 53.46** F(8/65)= 1.91#

2017
gs F(4/165)= 16.15*** F(2/165)= 8.65*** F(8/165)= 5.46***
An F(4/125)= 6.46*** F(2/125)= 42.62*** F(8/125)= 2.33*
WUEi F(4/125)= 3.22* F(2/125)= 41.80*** F(8/125)= 2.14*
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show how functional traits in garlic, such as gs, An and WUEi, are
regulated by water availability and climatic conditions. Nonetheless,
variation in this response can be modulated by other factors such as the
phenological stages. Phenology is a dominant factor on the plant-water-
carbon economy, especially on seasonally dry climates such as
Mediterranean ecosystems (Vico et al., 2015). In this study, the garlic
physiological response was stage-dependent in both deficit and non-

deficit treatments. From Ky(i’’) onwards, water demand rose progres-
sively, as a result of increased transpiration due to both higher ET0 and
higher leaf area index (Villalobos et al., 2004). Water deficit imposed
by ORDI at Ky(i’’) decreased An and gs. However, this impact was
higher in gs than in An resulting in high WUEi at this stage, especially in
the most water stressed treatments. High WUEi reflect the capability of
the plant to acclimate to early water deficits (Costa et al., 2013).

Fig. 2. Net assimilation rate (A and B) and intrinsic water use efficiency (C and D) for the different treatments across stages in 2016 and 2017. Different letter codes
denote significant differences between stages and treatments within the same year.

Table 5
Pearson correlation coefficients obtained for the relationships between stomatal conductance (gs), Net assimilation rate (An) and Intrinsic water use efficiency
(WUEi) with soil water potential (SWP), vapour pressure deficit (VPD); ETa/ETm and mean temperature (Tmean) with the combined data obtained of: A) all
treatments and years at each stage and B) all treatments and stages at each year. Signification level: #=0.1 > p > 0.05; *= 0.05 > p > 0.01;
**= 0.01 > p > 0.005; *** p < 0.005; N.S=Not significant. + An and WUEi were not tested in 2015.

Variable A) Stages B) Years
Ky(i’’) Ky(ii) Ky(iii) 2015 2016 2017

gs
SWP −0.79*** −0.26N.S −0.69*** −0.35# −0.50* −0.65***
VPD 0.44N.S −0.84*** −0.66** −0.33# 0.45* −0.34*
ETa/ETm 0.74** 0.30 N.S 0.18N.S −0.50** 0.21 N.S 0.53***
Tmean 0.24 N.S −0.71*** −0.37N.S −0.01 N.S 0.62*** −0.36*
An

SWP −0.79*** 0.04N.S −0.69*** + −0.72*** −0.73***
VPD 0.54* −0.16N.S −0.43N.S + −0.54* −0.49***
ETa/ETm 0.67** 0.04 N.S 0.71*** + 0.69*** 0.50***
Tmean 0.39 N.S 0.14 N.S −0.47 N.S + −0.35N.S −0.43**
WUEi
SWP 0.86*** 0.12N.S 0.24N.S + 0.56* 0.03N.S

VPD −0.34N.S 0.73*** −0.90*** + 0.54* −0.64***
ETa/ETm −0.64* −0.17 N.S −0.15N.S + −0.47* 0.11N.S

Tmean −0.39N.S 0.49* −0.72*** + 0.28N.S −0.62***
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Despite the higher WUEi, An decreased as well in response to water
deficit. Nonetheless, there is evidence that several crops have the cap-
ability to recover optimal physiological performance after being water
stressed (Daryanto et al., 2017). This recovery is conditioned by factors
such as timing, duration and intensity of water restriction before re-
hydration of the plant (Xu et al., 2010). The stage Ky(ii) of garlic occurs
at late spring in the region of the study, with mean temperatures around
20 °C, which are the optimum temperatures for garlic An (Kim et al.,
2013). Moreover, LAI, which is a trait related with phenology and water
demand, reached it maximum at Ky(ii). This along with the favourable
environmental conditions at Ky(ii), supports the idea that irrigation
should be maximized at this stage, as ORDI established. High An values
in all treatments and the small differences among FullIG treatments with
the rest observed at Ky(ii) confirm that ORDI optimized the limited
water available with a minimum impact on An. This is important to
minimize bulb yield losses in garlic, since most of the photosynthates
are allocated to the bulb at this stage (Nackley et al., 2016; Rizzalli
et al., 2002). Therefore, deficit irrigation methodologies should con-
sider how the water distribution affects the capability of recovery of
functional performance of the crop after stress. The stage of ripening,
Ky(iii), is driven by elevated temperatures and leaf senescence
(Brewster, 2008). Thus, a decrease in gs and An is expected at this stage,
as found in this study. At the ripening phase plant water needs are
generally lower (Villalobos et al., 2004), so little differences among
treatments were expected in gs an An. However, we found significant
differences among treatments in 2016. The reason for this finding was
probably related with the milder temperatures that contributed to
lengthen this last stage. In contrast, higher temperatures induced faster
ripening in 2015 and, especially in 2017. Optimum temperatures for
photosynthesis are lower than those for respiration (Larcher, 2003), so
at high temperatures, increased respiration rates can reduce net as-
similation rates despite minimum changes in photosynthesis. This, to-
gether with reduced leaf greenness, could explain the lower An values at
this stage. Besides, increased VPD enhances gs rates till and inflection
point from which VPD affects negatively gs (Kröber et al., 2015). This
pattern agrees with our findings. We found a positive effect of VPD on
gs in 2016, with mildest climatic conditions, while in 2015 and 2017
(when VPD was higher), the correlation was the inverse.

Stomatal conductance was also affected by temperature. For ex-
ample, the lowest gs values were found at Ky(ii) in 2017, matching the

heat wave of this year. Despite gs increases with rising temperature,
once reached certain values, higher temperatures begin to exert nega-
tive effects on plant functioning. Scorching, premature senescence and
metabolic alterations of the leaf (Bita and Gerats, 2013) can lead to
reduced gs (Trueba et al., 2019). At the same time, heat oxidative da-
mage often stimulates abscisic acid synthesis (Larkindale and Knight,
2002) which is, in turn, involved in the stomatal closure signalling
(Vishwakarma et al., 2017). However, average temperature alone could
not explain the observed differences in gs between 2015 and 2017 at Ky
(ii) since Tmean at this stage were very similar between these years. In
2017, the high number of windy days at Ky(ii) could also have con-
tributed itself to the observed low gs (Caldwell, 1970; Carvalho et al.,
2015) and, accompanied by high temperatures, contributed to magnify
the impact of heat stress (De Boeck et al., 2016). Moreover, along with
the spring heat wave of 2017, several days with temperatures below
0 °Cat Ky(i’’) could have had a negative impact on plant development.
These chilling temperatures on vegetative phases can also impair hy-
draulic conductivity and produce metabolic alterations which can result
in reduced gs (Allen and Ort, 2001).

4.2. LAI evolution, dry matter production and yield

Biomass production and LAI evolution across the phenological
stages were dependent on the watering scheduling established by ORDI.
As expected, the results provided evidence that increased water supply
rendered greater biomass accumulation and yield, in agreement with
other studies in garlic carried out in the region (Fabeiro Cortés et al.,
2003; Sánchez-Virosta and Sánchez-Gómez, 2019). However, ORDI
balanced irrigation differences among treatments in the most limiting
periods, reducing the variability of An among treatments. Nevertheless,
the accumulation of higher leaf area at previous stages in lower or non-
deficit treatments, confers increased overall light interception and
carbon fixation capability (Goudriaan and Monteith, 1990; Maddonni
and Otegui, 1996), which was finally translated into significant yield
differences among treatments at the end of the crop cycle.

Other climatic conditions, especially temperature, conditioned the
duration of the stages and the total crop cycle length, as reported in
other assays in garlic (Wu et al., 2016a, 2016b). Mild temperatures, like
those of 2016, maintained the increase of LAI for longer, due to cool
temperatures that slowed down the bulb ripening and senescence

Fig. 3. Leaf area index (LAI) values across each year for the different treatments. Curves showed in the graphs are extracted from the data obtained in the field
adjusted to a Peak-Gaussian model.

Table 6
ANOVA p values of: A) Total dry matter (TDM) and B) Leaf area index (LAI) in response to the interaction of the factors Year X Stage. The analysis was performed
within the same year. N.S=Not significant.

A)TDM B) LAI
Year Ky(i’’) Ky(ii) Ky(iii) Ky(i’’) Ky(ii) Ky(iii)

2015 N.S p=0.000 p=0.000 p=0.004 p=0.000 p=0.000
2016 N.S p=0.000 p=0.000 p=0.000 p=0.000 p=0.000
2017 N.S N.S p= 0.000 N.S p= 0.000 p=0.000
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phases (Brewster, 2008). Temperature is a critical factor for garlic de-
velopment and optimal growth temperatures explain to a great extent
biomass accumulation and bulb yield (Domínguez et al., 2013; Kim
et al., 2013; Lopez-Bellido et al., 2016; Tchórzewska et al., 2017; Wu
et al., 2016a). Temperatures above the optimal range can reduce plant
growth as a consequence of biochemical damages on proteins, enzymes
and membranes, and faster senescence (Fahad et al., 2017). Moreover,
the accumulation of proteins under high temperatures induce bulbifi-
cation and are, in turn, involved in the stoppage of vegetative growth
(Wu et al., 2016a, 2016b). Likewise, reduced garlic growth could be the
consequence of metabolic changes in acclimation to low temperatures
(Wu et al., 2016b). Both low temperatures at Ky(i’’) and high tem-
peratures at Ky(ii) and Ky(iii) in 2017, could explain the lower TDM
and LAI, which are the final determinants of bulb yield (Bosch-Serra
and Currah, 2002; Villalobos et al., 2004). Anomalous temperatures in
2017 negatively impacted on plant growth, regardless the irrigation
scheduling established by ORDI. This finding is further supported by the
fact that this year, differences on TDM among treatments were not
found till Ky(iii), and differences on LAI were not found till Ky(ii). On
the other hand, the more favourable climatic conditions of 2015 en-
hanced the growth and biomass accumulation of garlic, in terms of

increased LAI and final yield. In particular, the more frequent chilling
temperatures registered at the early stages of the crop cycle in 2015,
can stimulate garlic clove formation and bulb yield (Bandara et al.,
2011). At the same time, warmer temperatures at the vegetative phase,
increased the number of days above the low umbral temperature
(Domínguez et al., 2013) and enhanced the vegetative growth. More-
over, this was followed by optimal growth temperatures for garlic at
stages Ky(ii) and Ky(iii) (Domínguez et al., 2013; Wu et al., 2016a).
Crop cycle length was shorter in 2015 than in 2016. However, yield was
similar or even higher in some treatments in 2015. This could be ex-
plained by the higher LAI observed this year, since bulbing in garlic and
other Allium crops is mediated by translocation of assimilates from
leaves and pseudo-stem to the bulbs (Brewster, 1997; Rabinowitch and
Currah, 2002; Rizzalli et al., 2002).

4.3. Physiological parameters as a tool in optimized irrigation management

In this study, physiological monitoring has been proved as a reliable
method to evaluate plant water status. However, the determination of
An and WUEi by infra-red gas analysers is expensive and time con-
suming which can hardly be used as high-throughput screening

Fig. 4. Final total dry matter (A) and bulb yield (B) correlation with average gs values at at the different crop stages and with the average of the whole season. Data
provided are obtained from the years 2015, 2016 and 2017. R2 values provided in the graph are Pearson correlation coefficients obtained from the correlation at Ky
(ii) (grey) and for the whole season (black).

Fig. 5. Effects of the interaction Treatment X Year on bulb yield (kg ha-1). Different letters indicate values significantly different at< 0.05 According to a LSD Fisher
test. Data reported are means ± standard errors.
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methods (Murchie et al., 2018). Moreover, An require prolonged water
deficit to show up while gs is a more dynamic trait and stomatal closure
is a prompt response of the leaf to water deficit (Chaves et al., 2002).
Besides, stomatal conductance is often positively correlated with yield
as found in this and other studies (Fischer et al., 1998; Roche, 2015).
Thus, gs has been proposed as an early and reliable indicator of plant
water status and growth (Munns et al., 2010). In this sense, we suggest
that the combination of ORDI and the use of fast methods of indirect gs
measurements, such as thermography, which can detect rapid changes
in stomatal closure (Costa et al., 2013; Jones, 1999; Leinonen et al.,
2006; Munns et al., 2010) could be helpful and benefit seasonally op-
timized irrigation management (Cifre et al., 2005; Costa et al., 2018)
that take into account the different water needs across crop stages
(García-Tejero et al., 2015).

5. Conclusions

Garlic downregulated its stomatal conductance in order to save
water in response to both soil water deficit and air dryness. Restricted
irrigation by ORDI reduced gs rather than An while the increase in water
availability on key stages increased An in every treatment to similar
values. Therefore, garlic could withstand well the moderate water
deficit imposed by ORDI and recover physiological performance, de-
noting that previous water limitation did not produced chronic damage.
Moreover, ORDI was able to distribute a fixed amount of irrigation
water along the crop cycle to benefit physiological performance at
bulbification, which is the most sensitive crop stage for yield in garlic.
However, it should be noted that water deficit and other environmental
factors, such as VPD or temperature, also affected the plant biomass
accumulation throughout the crop cycle which was finally reflected in
bulb yield. Overall, ORDI is proposed as a tool to reduce yield losses
under water deficit scenarios and selected physiological traits have
been proved as reliable and high sensitive indicators of water deficit at
the different growth stages of garlic. This study supports the idea that
characterization and monitoring of key physiological traits with fast
and low-cost effective methods along the crop cycle can assist regulated
deficit irrigation methods and improve irrigation management of garlic
in areas with restricted water availability.
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5.2. Inter-cultivar variability in the functional and biomass response of 
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A B S T R A C T

Increased water scarcity can seriously threaten crop productivity worldwide. Therefore, the search for better
adapted cultivars to water limitation is needed. Extensive sexual sterility of garlic limits traditional breeding
programs and the study of physiological traits provides valuable information for crop selection to stressful
conditions. Variability in the functional response of garlic to well-watered (WW) and water deficit (WD) con-
ditions and its relationship with biomass components was analysed in five garlic cultivars (‘Fino de Chinchon’,
‘Gardacho’, ‘Purple from Las Pedroñeras’, ‘Violet Spring’ and ‘White Spring’). Significant differences in bulb
biomass were found between water treatments, among cultivars and the interaction of the two factors. The
observed cultivar variability in yield components was reflected in the variability patterns of functional traits,
especially when the plants endured the peak of water deficit. This variability conformed to different adaptive
strategies with regards to the plant water economy (i.e. drought escape; drought avoidance through water
saving; or water spenders). Inter-cultivar variability should be considered and further explored in garlic selection
and future crop improvement.

1. Introduction

Future climate scenarios predict higher temperatures with longer
and more severe heat waves and droughts (Meehl et al., 2007), espe-
cially in some Mediterranean areas (Cramer et al., 2018; Spinoni et al.,
2017). Water scarcity will likely increase the competition for the al-
ready existing water resources across socioeconomic sectors (Cramer
et al., 2018; Falkenmark, 2013; FAO, 2009; Iglesias et al., 2007; Tilman
et al., 2002) and will, in turn, increase the agricultural water prices
(FAO, 2009; Rosegrant et al., 2007). This scenarios will reduce crop
yields (Schauberger et al., 2017). It should be noted that increased
agricultural productions and yields in the last decades can be associated
with a parallel increased of irrigated areas and greater resources
(Matson et al., 1997; Sinclair and Rufty, 2012).

In this context, plant adaptation to dry environments minimize the
effects of water stress (Arve et al., 2011). Drought resistance or toler-
ance is a topic of current interest in crop research (Lopes et al., 2011;
Mwadzingeni et al., 2016; Vadez et al., 2012). Moreover, it has long
been recognized the importance of the study of functional traits in
breeding programs (Blum, 1988; Ludlow and Muchow, 1990). Under-
standing the patterns of variation and the interplay of these functional
traits provides critical information to guide breeders to select for
drought tolerant cultivars (Chatterjee and Solankey, 2015; Fahad et al.,

2017; Ramya et al., 2016). Considering that commercial cultivars have
been selected for its superior yield under high input conditions
(Byerlee, 1996), selection of cultivars with improved performance
under limiting conditions such as water deficit, and the study of the
underlying morpho-physiological mechanisms, is recognized as an area
of research that needs further development (Mir et al., 2012; Poorter
et al., 2013; Richards, 2006; Richards et al., 2002).

Plants have different strategies to adapt to water deficit (i.e. escape,
avoidance and tolerance; see Levitt, 1980 and Ludlow, 1989). Drought
escape, observed for example in early maturing cultivars that exhibit
early growth and vigour has been proved successful in Mediterranean
climates (Cattivelli et al., 2008; Shrestha et al., 2006; Srivastava and
Tyagi, 1999). Alternatively, mechanisms such as reduced leaf area and
stomatal closure contribute to drought tolerance (Cattivelli et al.,
2008). These drought tolerance mechanisms help to maintain plant
water status and therefore plant carbon assimilation (Chaves et al.,
2009; Mcdowell et al., 2008). However, it is necessary to bear in mind
that drought tolerance traits frequently reduce yield potential (Blum,
2005, 2009; Cattivelli et al., 2008).

Garlic (Allium sativum. L) is a traditional crop in Mediterranean
countries (Currah et al., 2012) reflecting the fact that it is a funda-
mental component of their cuisines. Garlic is the second most consumed
plant of the Allium genus worldwide and its production and acreage
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have increased about 200% over the last 50 years, with more than 1.5
million ha in 2014 (FAOSTAT data, 2018). Besides being an increas-
ingly appreciated condiment (Amagase et al., 2001), garlic, as a med-
icinal plant, has a number of bioactive compounds with nutritional and
health benefits (i.e. antibiotic and anticancer compounds, effect on
metabolic diseases, cardiovascular and respiratory systems; see Keusgen
and Rabinowitch, 2002 and Najda et al., 2016) which has contributed
to increase and generalize its consumption worldwide (Amagase et al.,
2001).

Despite Allium species grow typically in arid regions with summer-
dry climates (Brewster, 2008), water deficit is considered one of the
most limiting constraints for garlic yields (Ayars, 2008.; Fabeiro Cortés
et al., 2003; Hanson et al., 2003). In Spain (the main producer of garlic
in the European Union; FAOSTAT data, 2018), garlic was a traditional
rain-fed crop (Japón-Quintero, 1984) but currently, irrigated land ac-
counts for 91.2% of the total crop area (MAPAMA, 2017). This has
meant a significant increase in the yield of garlic (99.4% of garlic yield
increase since 1976–2016, FAOSTAT data, 2018).

Millennia of vegetative propagation have contributed to the sexual
sterility of garlic (Etoh and Simon, 2002). This fact reduces breeding
alternatives (Zheng et al., 2007) giving even more importance to phy-
siological studies in order to support cultivar selection. The search for
drought tolerant cultivars in this sterile crop is especially needed
(Baghalian et al., 2005) and the wide spectrum of garlic diversity (Etoh
and Simon, 2002; Fritsch and Friesen, 2002; Zheng et al., 2007) war-
rants high levels of genetic variability in garlic (Hoogerheide et al.,
2017) which is the basis to improve its resistance to limited-resource
environments.

The effect of water availability on the garlic crop has been studied in
several experiments (e.g. Ayars, 2008; Barrios-Díaz et al., 2005;
Domínguez et al., 2013; Fabeiro Cortés et al., 2003; Hanson et al., 2003;
Léllis et al., 2016; Nackley et al., 2016). Besides, inter-cultivar varia-
bility has been examined on: environmental fluctuations on biomass
and allicin level (Tchórzewska et al., 2017); stability and drought re-
sistance indexes (Badran, 2015); antioxidant activities (Csiszár et al.,
2007) and on evapotranspiration models (Villalobos et al., 2004).
However, there is a lack of information on the functional mechanisms
conferring drought tolerance in garlic. The main goal of this study was
to gain a mechanistic understanding of the functional response of garlic
to water availability, by evaluating inter-cultivar variability patterns on
key functional traits. The specific objectives of the study were a) to
evaluate inter-cultivar variability in the sensitivity to water deficit; b)
to analyse the potential relationships between the studied functional
traits and yield components in response to water availability.

2. Materials and methods

2.1. Experimental design, watering treatment and plant material

The experiment was carried out at the “Centro de Investigación
Agroforestal de Albaladejito” (40°04′ 31.436 N, 2° 12′ 18.061W, alti-
tude 902m a.s.l) located in Cuenca, inland Spain. This region has a
continental Mediterranean climate with hot and dry summers and cold
winters. Average annual precipitation is 510mm and average annual
temperature is 13.1 °C. The minimum mean monthly temperature is
-0.5 °C in January and the maximum mean monthly temperature is
31.4 °C in July (historical records for the meteorological station of
Cuenca, AEMET, Spanish Agency of Meteorology). During the field
assay, from the second half of November 2015 to the second half of
June 2016 the accumulated precipitation was 341.9mm and mean
temperature was 8.7 °C. The minimum mean monthly temperature was
-8.4 in February and the maximum mean temperature was 27.2 °C in
June, the warmest month during the assay. The soil was a sandy silt
loam (ADAS system) with the following chemical characteristics: pH of
8.3; 2% organic matter; 687mg nitrogen (N)/kg, 17mg phosphorus
(P)/kg and 318mg potassium (K)/kg. Soil analyses were performed by

Yara MegalabTM (Yara Iberian, Madrid, Spain). During the assay, a
factorial design with two factors (two water treatments× five culti-
vars) was carried out in six plots of 9 m2, (three plots for each water
treatment). Each plot contained twenty-four plants of each of the five
cultivars. The biggest and healthiest cloves for each cultivar were se-
lected and randomly planted within each plot.

The five cultivars studied were Violet Spring – VSP – and White
Spring – WSP– (two commercial and introduced early maturing
“Chinese type” cultivars); “Gardacho” – GAR –(introduced “American
type” commercial cultivar); “Morado de Pedroñeras” – PED – (popular
and appreciated cultivar from Castile-La Mancha recognized by the
European Union as a Protected Geographical Indication, PGI) and “Fino
de Chinchón” – CHI – (traditional cultivar from the south of Madrid).
All these cultivars except for CHI, which is locally restricted, are major
representatives of the Spanish garlic production. Additional informa-
tion about these cultivars is provided in Table 1.

The bulbs for the experiment were obtained from the Bank of Plant
Germplasm of IMIDRA (FAO code ESP198) and a local garlic co-
operative (“San Isidro el Santo”, Las Pedroñeras, Cuenca, Spain). Before
planting, the cloves were treated with 1.5% sodium hypochlorite and
the fungicide Prelude (prochloraz 20%, BASF SE, Ludwigshafen am
Rhein, Germany).

Soil volumetric water content (VWCs) was measured with a FDR
probe (ECH2O EC-5, Decagon Device, Inc, Pullman, USA) on each plot
during the whole crop cycle. VWCs was measured three times per week.
All the plots were controlled maintaining a VWCs above 20% until the
majority of plants of all cultivars achieve the first phase of bulbing stage
according to Lopez-Bellido et al. (2016). This happened ca. 120 days
after emergence (DAE). It should be noted that at this point, VSP and
WSP presented further development than the other cultivars, however,
this decision was determined considering the whole set of plants in
order to evaluate all the individuals under the same climate conditions.
From this point, VWCs was controlled differently depending on the
water treatment. The plots were watered when needed to maintain a
VWCs above 20% in WW plots while WD plots were let dry to VWCs
below 20% (Fig. 1A). The threshold of 20% was chosen because pre-
liminary analysis showed that stomatal closure began under VWCs ca.
20% in this soil. Physiological measurements were taken at three dif-
ferent measurement points: T1, ca. 15 days after water deficit was
imposed (134–136 DAE); T2, ca. 35 days after WD (153–155 DAE) and
T3, ca. 45 days after WD (163–164 DAE). Climate data were also re-
corded (Fig. 1B).

2.2. Stomatal conductance to water vapour (gs) and chlorophyll
fluorescence measurements

We recorded stomatal conductance and chlorophyll fluorescence at
T1, T2 and T3. Measurements of four replicates per cultivar in each plot
were performed throughout two-three consecutive days for each time
point at midday (between 11:00 and 14:00) on the middle part of the
youngest fully expanded leaf. Stomatal conductance to water vapour
(gs) was measured with a steady-state leaf porometer (SC-1, Decagon
Devices Inc., Pullman, WA, USA) at natural incident photosynthetic flux
density (PPFD) and relative humidity (RH). Chlorophyll fluorescence

Table 1
Cultivar characterization according to different classifications.

Cultivar Flower stalk type Bulb/Clove
color

Group (Lallemand et al.,
1997)

CHI Softneck White/ White II
GAR Softneck White/ White III
PED Hardneck White/ Purple I
VSP Hardneck Purple stripes/ White IV
WSP Hardneck White/ Brownish III
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was measured on the same leaves that gs with the FMS 2 field portable
chlorophyll fluorimeter (Hansatech Instruments Ltd, King’s Lynn, UK)
at natural PPFD (1457 ± 10 μmol m−2s−1), and at field temperature
and RH conditions. Effective quantum efficiency of PSII (ΦPSII) was
calculated as:

= F F
FPSII

m s

m (1)

where Fm’ is the maximum light-adapted fluorescence when a satur-
ating light pulse (intensity 4000 μmol m2 s−1,0.8 s duration) is applied
and Fs is the ‘steady-state’ fluorescence of the light-adapted sample
(Genty et al., 1989). Finally, chlorophyll fluorescence measurements
were done on dark-adapted leaves to obtain Maximum quantum effi-
ciency of PSII (Fv/Fm)as indicated by Maxwell and Johnson (2000).

2.3. Leaf impressions for stomatal pore index, leaf dry matter content,
relative water content and specific leaf area

From the same individuals as those used in gs and leaf chlorophyll
fluorescence measurements, the youngest fully expanded leaf was taken
at T2. From these leaves, samples were used to analyse the stomatal
pore area index (SPI; a dimensionless index of stomatal calculated as
stomatal density× guard cell length2), specific leaf area (SLA), leaf dry
matter content (LDMC) and relative water content (RWC). Leaf lamina

impression samples were extracted by nail varnish peels and stomatal
densities and guard cell lengths were calculated following the proce-
dure in Sack et al. (2003). The leaf samples were oven dried at 65 °C
during three days and SLA was determined as the ratio of leaf area to
leaf dry weight. RWC was calculated as [(FW−DW)/(SW−
DW)]×100 where FW is fresh weight, DW is dry weight (obtained as in
SLA) and SW the mass after rehydration of leaf samples for 24 h in
distilled water at 4 °C. LDMC was calculated as [DW/SW] x 1000
(mg g−1).

2.4. Bulb biomass, number of cloves per bulb and clove average biomass per
bulb

The plants were harvested when all the leaves were yellow and dry.
Early maturing cultivars were harvested at mid-June while non-early
maturing cultivars were harvested at the end of June. Bulbs were stored
in a ventilated warehouse and weighted until bulb moisture loss rate
reached asymptotic stability (ca. 60 days) for each cultivar (stability
was reached earlier in early maturing cultivars). Afterwards, all the
bulbs were weighted to the nearest 0.001 g. The bulbs were weighted
before the number of cloves per bulb (NC) was determined. This was
done in the same individuals that were used for gs and chlorophyll
fluorescence measurements. All the cloves of each bulb were weighted
to determine the clove average biomass per bulb (CB).

Fig. 1. A): Time measurement points (T1, T2 and T3); soil volumetric water content (VWCs) and average VWCs in each time measurement point in well-watered
(WW) and water deficit (WD) plots and B): Daily mean temperature (Tmean), maximum daily temperature (Tmax), minimum daily temperature (Tmin) and
precipitations along the bulbing phase.
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2.5. Statistical analysis

Bulb biomass were calculated using all the individuals of the assay
while a total of 120 individuals were used for gs, chlorophyll fluores-
cence, NC, CB and morpho-functional measurements (12 individual x 2
water treatments x 5 cultivars). ANOVA with two fixed factor (water
treatment and cultivar) and a random nested factor (the plot within the
water treatment) was carried out to compare among water treatments
and cultivars. Afterwards, a post-hoc analysis (Fisher-LSD) was per-
formed to identify homogeneous groups within each main factor (water
availability or cultivar). An additional factor T (measurement time
point) was analysed with a repeated measures ANOVA for gs and
chlorophyll fluorescence. Afterwards, a univariate ANOVA for each T
was performed in order to evaluate the effect of water availability and
cultivar at any T. Finally, a correlation matrix was performed among
the studied variables. The software STATISTICA v.10 (Statsoft Inc.,
Tulsa, OK, USA) was used for data analysis.

3. Results

3.1. Effect of water treatment in bulb biomass, clove average biomass and
number of cloves

Significant differences in bulb biomass were found between water
treatments [F(1/470)= 32.50 p= 0.000] and among cultivars [F(4/
470)= 24.53 p= 0.000]. The interaction between water treatment and
cultivar was also significant [F(4/470)= 3.26 p= 0.012]. The mean
bulb biomass of all cultivars was 48.4 ± 1.6 g (mean ± se) in WW and
37.5 ± 1.4 g under WD. In WW treatment, GAR had the highest bulb
biomass with 31.0% above the overall mean bulb biomass. Under WD,
VSP had the highest bulb biomass (39.8% higher than the overall mean
bulb biomass). CHI tended to have the lowest bulb biomass in both
water treatments. Its bulb biomass was 30.9% and 28.5% lower than
the overall mean bulb biomass in WD and WW respectively (Fig. 2).
However, the relative impact of WD on bulb biomass (biomass loss
compared to those in WW) differed among cultivars. GAR followed by

PED were the cultivars more impacted by WD (Fig. 2). CHI, the other
non-early maturing cultivar, had a lower, but significant reduction in
bulb biomass under WD (Fig. 2). The effect of water availability on the
bulb biomass of the early maturing cultivars was not significant, yet
bulb biomass of these cultivars tended to be lower in WD than in WW
(Fig. 2).

The effects of water treatment [F(1/106)= 6.42 p=0.013] and
cultivar [F(4/106)= 29.62 p= 0.000] on CB were also significant.
Cultivars differed also in NC [F(4/106)= 30.41 p=0.000] while
water treatment did not affect this variable [F(1/106)= 0.06
p=0.806]. GAR, was the only cultivar that showed significant differ-
ences between water treatments in CB. (Table 2). CHI clearly differed
from the other cultivars in both CB and NC, having the highest NC while
the lowest CB (Table 2).

3.2. Stomatal conductance to water vapour (gs)

Along the whole assay, the effects of water availability [F(1/
97)= 15.575 p=0.000], cultivar [F(4/97)= 14.490 p=0.000] and
T [F(2/194)= 33.478 p= 0.000] on gs were significant. CHI had the
lowest gs values, both in WW and WD conditions (Fig. 3A). All the
cultivars showed a trend of higher gs under WW conditions yet the
decrease of stomatal conductance under WD was significant only in CHI
(with 30.9% lower values in WD than in WW) and PED (with a decrease
of 20.8%) while the rest of cultivars did not show significant differences
between water treatments (Fig. 3A). Water availability affected gs when
the WD plots were at the peak of water deficit, (T2 and T3), while the
factor cultivar was significant at any T (Table 3).

3.3. Chlorophyll fluorescence

The effects of cultivar [F(4/92)= 4.354 p=0.003] and water
treatment [F(1/92)= 10.772 p=0.001] on ΦPSII were significant.
Early-maturing cultivars, VSP and WSP, showed the lowest ΦPSII va-
lues in both water treatments. On the other hand, ΦPSII was 9.21%
above the overall mean values for CHI under WD while it was 14.8%
higher than the overall mean for PED in WW (Fig. 3B). PED was the
cultivar most impacted by WD in terms of ΦPSII and was the only
cultivar showing significant differences between WD and WW in this
trait along the whole assay (Fig. 3B). Despite T was marginally sig-
nificant [F(2/184)= 2.514 p=0.084], the univariate analysis for each
T showed significant differences among cultivars at T2 and at T3 while
such differences were not observed at T1 independently of the watering
level considered. The effect of water availability on ΦPSII was only
significant, at T3 when WD plants had already endured four weeks of
water limitation (Table 3).

Fv/Fm significantly differed across T [F(2/188)= 521.030
p=0.000] and cultivars [F(4/94)= 5.497 p= 0.001]. This trait was
not significantly affected by water treatment [F(1/94)= 1.567
p=0.214] yet all the cultivars tended to have lower values under WD
as compared to WW (Fig. 3C). Cultivars significantly differed in Fv/Fm
at any measurement time point (Table 3). CHI showed the highest Fv/
Fm in both water treatments (Fig. 3C). Despite cultivars differed in Fv/
Fm, water treatment was only significant at T2 (Table 3) with sig-
nificantly higher Fv/Fm values at WW for all cultivars except for CHI at

Fig. 2. Effects of the water availability level X cultivar on bulb biomass (g).
Different letters indicate values significantly different at P < 0.05 According to
a LSD Fisher test. Data reported are means ± standard errors.

Table 2
Effects of the water availability level X cultivar on clove average biomass (g) and number of cloves. Different letters indicate values significantly different at
P < 0.05 According to a LSD Fisher test. Data reported are means ± standard errors (n=12).

GAR CHI PED VSP WSP

Clove average biomass WW 7.4±0.5e 1.9± 0.2a 3.9± 0.3bc 4.4± 0.5bcd 5.1± 0.8cd

WD 5.5±0.6d 1.6± 0.1a 3.2± 0.3b 3.9± 0.3bc 4.9± 0.4cd

Number of cloves per bulb WW 9.6±0.9a 21.3± 1.7d 12.1± 0.5abc 14.4±1.6c 8.8± 0.8a

WD 10.3± 0.8ab 20±1.8d 13.5± 1.2bc 14.1±1.1c 9.3± 0.4a
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this measurement time point (data not shown). Despite the significant
differences found in Fv/Fm, all values were within a narrow range
(0.800−0.900) across cultivars and water availability levels.

3.4. Specific leaf area, leaf dry matter content, relative water content and
stomatal pore area index

The effect of both cultivar [F(4/104)= 9.399 p= 0.000] and water
availability [F(1/104)= 13.708 p=0.000] were significant for SLA.
SLA ranged from 9.05 ± 0.40 cm2 g−1 in CHI under WW to
12.19 ± 0.49 cm2 g−1 in WSP under WD. Within this range, we ob-
served that early maturing cultivars, WSP and VSP, tended to have the

highest SLA in both water treatments, while CHI had the lowest,
especially under WW (Fig. 4A).

The factor cultivar had a significant effect on LDMC [F(4/
104)= 23.440 p=0.000] while the effect of water availability was not
significant [F(1/104)= 0.150 p=0.696]. CHI had significantly higher
LDMC than the rest of cultivars in both water availability levels
(+16.3% above the overall mean under WD and +14.3% under WW).
On the other hand, VSP showed the lowest LDMC than the other cul-
tivars in both water availability levels (-13.9% under WD and -11.2% in
WW from the mean) (Fig. 4B).

RWC significantly differed among cultivars [F(4/104)= 11.970
p=0.000] but not between water availability levels [F(1/
104)= 1.630 p= 0.204]. However, this trait tended to be higher under
WW in all cultivars but WSP (Fig. 4C). CHI was the only cultivar with
RWC above 80% (82.33 ± 0.95%) under WW. On WD conditions, WSP
(80.11 ± 1.45%) and CHI (79.97 ± 1.37%) were the cultivars with
highest RWC. PED and VSP had values below 75% RWC in both WW
and WD (Fig. 4C).

SPI significantly differed between water availability levels [F(1/
212)= 10.101 p=0.002] and among cultivars [F(4/212)= 32.645,
p=0.000]. SPI was higher under WD than under WW conditions for all
the cultivars. In particular, GAR displayed significant differences be-
tween water availability levels (Fig. 4D). CHI was the cultivar with
significantly lowest SPI in both water availability levels (Fig. 4D).

3.5. Correlations among variables

Significant correlations among the studied variables were found.
Some physiological traits were significantly correlated with biomass
production, such as gs with bulb biomass (R= 0.21 p=0.020). Leaf
morphology variables were also correlated with chlorophyll fluores-
cence. This is the case of SLA, inversely correlated with FvFm and ΦPSII
(R= -0.19 p=0.043; R= -0.28 p= 0.003 respectively) while LDMC
was directly correlated with ΦPSII (R=0.25 p= 0.006). SPI was in-
versely correlated with other morpho-physiological variables such as
LDMC (R= -0.29 p=0.001) and RWC (R= -0.28 p= 0.002), and di-
rectly correlated with SLA (R=0.37 p= 0.000). SPI was marginally
correlated with bulb biomass (R= 0.16 p=0.080). Biomass traits CB
and NC were inversely and strongly correlated (R= -0.69 p=0.000).
Moreover, NC was inversely correlated with SLA (R= -0.27 p= 0.003)
and SPI (R= -0.31 p=0.001).

4. Discussion

4.1. Effect of water treatment in bulb biomass, clove biomass and number of
cloves

In agreement with other studies, garlic bulb weigh was negatively
affected by lower water availability (e.g. Ayars, 2008.; Badran, 2015;
Domínguez et al., 2013; Fabeiro Cortés et al., 2003; Tchórzewska et al.,
2017). This study provides new insight into the functional traits un-
derlying the inter-cultivar variability observed in garlic’s bulb biomass
in response to water availability. The results of the study suggest dif-
ferent reasons to explain this inter-cultivar variability. Differences in
phenology across cultivars can explain the low impact of water deficit
on bulb biomass of early maturing cultivars (VSP and WSP), which were
already at the latest stages of the bulbing phase when the plants en-
dured the peak of water deficit (from T2 to T3; Fig. 1A). These early
maturing cultivars followed a drought escape strategy relying on a
shorter life cycle as found in other crops (Kooyers, 2015; Pask et al.,
2014). In Mediterranean climates, selecting for early maturing cultivars
could be a feasible option to escape from summer droughts when non-
early maturing garlic cultivars are still at the bulbing phase. However
these droughts are becoming increasingly longer and acuter, and early
spring droughts are predicted in future scenarios in Mediterranean
climates, especially in southern countries (Spinoni et al., 2017). Rapid

Fig. 3. Effects of the water availability level X cultivar on: A) gse stomatal
conductance (mmol m−1 s-1); B) ΦPSIIe effective quantum efficiency of PSII
and C) Fv/Fme maximum quantum efficiency of PSII. Different letters indicate
values significantly different at P < 0.05 according to a LSD Fisher test. Data
reported are weighted means ± standard errors obtained from analysis of re-
peated measures at T1, T2 and T3.
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plant development in early-maturing cultivars is a drought scape
strategy driven by high metabolic rates. Yet, elevated stomatal con-
ductance and spring droughts could have a strong negative impact on
these cultivars (Shavrukov et al., 2017).

Abiotic stresses, such as drought, affect the plant physiology which,
in turn, is reflected in the final biomass gain and biomass allocation
patterns. Cloves are, in garlic, the main clonal propagules and the
number of cloves per bulb (NC) has been reported as a trait that has
both genotypic (Baghalian et al., 2005; Etoh and Simon, 2002; Hassan,
2015) and environmental control (Hamma et al., 2013). In this study,
water availability did not affect NC. However, variability among cul-
tivars confirms the genotypic influence on this trait. Withal, water
treatment affected clove average biomass (CB) which was inversely
correlated with NC. This correlation has also been found previously
(Baghalian et al., 2005; Füstös and Kovács, 2014). The inversely pro-
portional correlation found in NC and CB displayed an analogous pat-
tern to that described for the trade-off between seed biomass and seed

number (Moles et al., 2004). Besides that, the different impact of water
deficit in high and low productive cultivars is also related to the size-
dependent effect on allocation to clonal propagules (Li et al., 2018;
Samson and Werk, 1986). Thus, smaller plants (i.e. CHI) following a
bet-hedging strategy, would tend to maximize survival rather than
average fitness (Schmid et al., 1995).

4.2. Functional traits: gs, ΦPSII and Fv/Fm

Plant biomass is tightly related to functional traits such as stomatal
conductance (Fischer et al., 1998; Roche, 2015) or chlorophyll fluor-
escence (Araus et al., 1998; Baker and Rosenqvist, 2004). Stomatal
closure is a general response to water deficit (Chai et al., 2016; Chaves
et al., 2011; Costa et al., 2013). In this study, we found that gs of garlic
decreased remarkably, especially after a prolonged time of water re-
striction. This effect was especially accentuated in CHI which, at the
same time, presented the lowest gs throughout the whole crop cycle at

Table 3
ANOVA Fisher values of water treatment (W), cultivar (C) and the interaction (C χ W) at different measurement time points (T1, T2 and T3) on stomatal conductance
(gs), Effective quantum efficiency of PSII (ΦPSII) and maximum quantum efficiency of PSII (Fv/Fm). *Significant difference at the 0.05 level (Fisher’s LSD test);.
**Significant difference at the 0.01 level; ***Significant difference at the 0.001 level.

Variable
Factor/Covariate Measurement time gs ФPSII Fv/Fm

Cultivar (C) T1 F(4/95)=7.516*** F(4/92)= 0.437 F(4/94)= 2.591*

T2 F(4/95)=5.777*** F(4/92)= 2.786* F(4/94)= 5.572***

T3 F(4/95)=6.913*** F(4/92)= 6.7334*** F(4/94)= 5.720***

Water treatment (W) T1 F(1/95)=1.512 F(1/92)= 1.907 F(4/94)= 0.345
T2 F(1/95)=8.333*** F(1/92)= 0.999 F(4/94)= 7.272**

T3 F(1/95)=11.588*** F(1/92)= 10.646*** F(4/94)= 0.252
C×W T1 F(4/95)=1.411 F(4/92)= 0.630 F(4/94)= 0.222

T2 F(4/95)=0.478 F(4/92)= 0.843 F(4/94)= 1.665
T3 F(4/95)=0.313 F(4/92)= 1.447 F(4/94)= 0.733

Fig. 4. Effects of the water availability level X cultivar on: A) SLAe Specific Leaf Area (cm2 g−1); B) LDMCeLeaf Dry Matter Content (mg g−1); C) RWCeRelative
Water Content and D) SPIeStomatal Pore Area Index. Different letters indicate values significantly different at P < 0.05 according to a LSD Fisher test. Data reported
are means ± standard errors.
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both water availability levels. High sensitivity of gs to water availability
and constitutive low gs values is a common functional response in
plants to avoid water loss (Lopes et al., 2011; Nunes et al., 2008).
Stomatal closure do not only affects the plant water balance but also
photosynthetic performance (Nunes et al., 2009; Sánchez-Gómez et al.,
2013). This conservative use of water at the leaf level is a typical
functional response of drought tolerant plants yet it comes along with a
trade-off leading to lower carbon uptake and finally, less biomass
production (Chaves, 1991; Farooq et al., 2012; Flexas and Medrano,
2002; Lawlor and Cornic, 2002; Sadras and Richards, 2014).

In general, stomatal closure is the earliest response to water deficit.
Only after severe or prolonged droughts, non-stomatal limitations, such
as Fv/Fm or ΦPSII, may show up (Flexas and Medrano, 2002). In fact,
only PED was affected by WD and the differences between water
availability levels in ΦPSII were found at T3. This denotes that the ef-
fect of water deficit was accumulated throughout the growth period,
exerting its impact on the functional response of the plants mainly at
the end of the crop cycle (Fang et al., 2011). The other chlorophyll
fluorescence trait, Fv/Fm, had values above 0.83 denoting absence of
photoinhibition and therefore low sensitivity of the photochemical
apparatus to the imposed stress (Maxwell and Johnson, 2000) in garlic.

4.3. SLA, LDMC, RWC and SPI

The variation of morpho-physiological traits such as SLA, LDMC,
RWC and SPI in response to water availability, differed also across
cultivars. Despite SLA is generally lower under water restriction
(Chatterjee and Solankey, 2015; Fernández and Reynolds, 2000;
Khakwani et al., 2012; Sánchez-Gómez et al., 2013), in this study SLA
tended to be higher under WD. This response could be explained as a
plastic response to compensate for reduced carbon allocation to leaves
and/or reduced carbon gain (Aspelmeier and Leuschner, 2006 and re-
ferences therein). CHI displayed a trend of lower SLA which is asso-
ciated with more sclerophyllous leaves (Carlson et al., 2016) and can
provide improved structural characteristics against water losses
(Ackerly et al., 2002). Moreover, the inversely proportional correlation
found between SLA and the efficiency of the photochemical apparatus
was observed on the thicker and/or smaller-area leaves (e.g. CHI),
which had the highest Fv/Fm and ΦPSII, especially under water deficit
conditions. At the same time, the reverse was true for those cultivars
with the highest SLA (early-maturing cultivars). Those cultivars with
low SLA maintain high photochemical efficiency under stressful con-
ditions (high irradiance in combination with water deficit during the
last stages of the crop cycle) as it has been found in drought tolerant
varieties of other crops (Silva et al., 2007).

Despite SLA and LDMC are in general closely interrelated traits (Vile
et al., 2005), it has been claimed that LDMC is a better predictor in
terms of plant resource use (Hodgson et al., 2011), especially in curved
leaf surfaces (Wilson et al., 1999) such as those of garlic. The lowest
SLA along with the highest LDMC of CHI, could reflect lower growth
rates and biomass productivity while an efficient use of nutrients and
water (Fahad et al., 2017; Saura-Mas and Lloret, 2007). On the other
hand, lower LDMC, higher investment in leaf area and higher gs rates,
conforms to a strategy of maximization of plant growth at the expense
of water loss (e.g. Blum, 2009).

RWC is other functional trait widely used to describe plant water
status (Chaves, 1991; Larcher, 2003; Lawlor and Cornic, 2002). The
trend of lower RWC under WD reveals that water supply from the soil
under this treatment did not compensate water loss through the leaves
(Lambers et al., 2008; Lawlor and Cornic, 2002). Inter-cultivar varia-
tion in RWC found in this study was also found in garlic by Csiszár
et al., 2007. Higher RWC is related with the plant ability to recover
from dehydration (Blum, 2005). This along with the lowest gs rates in
CHI is in agreement with a drought avoidance strategy (Levitt, 1980;

Valladares et al., 2004) relying on water conservation through stomatal
closure (e.g. Chatterjee and Solankey, 2015; Nunes et al., 2008; Saura-
Mas and Lloret, 2007).

It has been proved that SPI is an important factor that determines
maximum stomatal conductance (Nobel, 2009) and in warm environ-
ments, such as Mediterranean, higher SPI is associated with higher
transpiration rates for avoiding overheating through evaporative
cooling (Lin et al., 2017). Plants under water deficit suffer high leaf
temperature (Costa et al., 2013) which could contribute to a higher SPI
(Carlson et al., 2016), as found in this study. Those plants with higher
SPI display increased growth when water is non-limiting; such as PED,
GAR and VSP, while those with low SPI, (e.g CHI) seems to adopt a
conservative strategy to maintain water status (Inoue et al., 2015).

5. Conclusions

The results found in this study reinforce our conviction that un-
derstanding variability patterns of key morpho-physiological traits in
response to water availability are fundamental to guide cultivar selec-
tion for drought tolerance and ensure its success. The correlation of
stomatal conductance with bulb biomass suggests that cultivars with
higher gs rates can maintain higher biomass gain in environments with
non-limiting conditions. However, this could be a disadvantage under
water deficit. Other key traits such as SPI and SLA played an important
role in the functional response of the crop to limiting water.

The studied cultivars adopted different strategies in relation to
water availability. Early-maturing cultivars with early growth con-
formed to a drought escape strategy but they lacked physiological
mechanisms of drought tolerance. CHI adopted a drought avoiding
strategy through a conservative use of water, maximizing water saving
rather than plant growth and biomass production (e.g. stomatal closure,
low SLA and SPI, and high LDMC and RWC). On the other hand, PED
and GAR, displayed high gs, and other traits related to maximization of
carbon gain at the risk of desiccation. This could be a good strategy
under non-limiting conditions but is an unlikely adaptive strategy in
increasingly dry environments as they suffered comparatively the
highest decrease in bulb biomass under water deficit. The lowest bulb
biomass of CHI and the higher relative impact of water deficit on GAR
and PED agree with a potential trade-off between drought tolerance and
biomass production in garlic. According to this study, the early ma-
turing cultivar VSP could provide the highest yields in terms of bulb
biomass as long as droughts do not occur earlier than late spring.
Otherwise, in a non-limiting scenario, GAR exhibited the highest pro-
duction of bulb biomass. Nevertheless, additional factors such as bulb
quality, water available for irrigation and market variables should be
considered for the cultivar choice. The inter-cultivar variation of
morpho-functional traits of garlic in response to water availability re-
ported in this study provides valuable information to support and guide
improvement programs of this crop to future climate scenarios.
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5.3. Inter-cultivar and inter-year variation of functional traits and 
phenotypic plasticity in response to water availability in garlic 
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Abstract: 

Crop genetic diversity and adaptive functional responses of crops are crucial for 

sustainable production of garlic in a climate change scenario. In this study we compared 

yield, phenology and water-related traits in 2-5 garlic cultivars against a framework of 

phenotypic plasticity under four water regimes in two years with contrasting weather. 

Cultivars “Fino de Chinchon”, “Gardacho”, Purple from “Las Pedroñeras”’, Cbt 02710 and 

Port 07990 were a) fully irrigated; b) water stressed before or; c) after bulbing stage and d) 

water-stressed during the whole growth period. Significant differences in the response of 

functional traits such as stomatal conductance, crop water stress index, phenology and 

phenotypic plasticity were found among water treatments and among cultivars. Lower 

plasticity was found in local cultivars and putative drought tolerance traits were observed in 

cultivars from drought-prone areas. In contrast the highest phenotypic plasticity was found 

in the most productive cultivars, which showed markedly higher yield under well-watered 

conditions yet impaired yield under water deficit. Nevertheless, the overall pattern did not 

support a trade-off between biomass gain and drought tolerance. This study provides new 

insight on the potential value of selected functional traits and their phenotypic plasticity for 

cultivar selection in different water availability environments. 

Keywords: Allium sativum L., drought, ecophysiology, phenology, specific leaf area, 
stomatal conductance, thermography  
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1. Introduction 

In the context of global change and unpredictable climate (Drijfhout et al., 2015; Grant, 

2017; Meehl et al., 2007; Meehl and Tebaldi, 2004), crop genetic resources are crucial for 

sustainable  agriculture (Foley et al., 2011; Halewood et al., 2018; Redden, 2013). In many 

regions of the world, realized trends and modelling projections indicate increasing incidence 

of more severe and prolonged droughts (Trenberth and Jones, 2007), especially in already 

arid or semi-arid areas (Fischlin et al., 2007). The dominant use of a few highly productive 

cultivars has led to erosion of the genetic pool in some crops, which may impair their 

potential adaptation to future scenarios (Di Falco and Perrings, 2005; Dwivedi et al., 2016; 

Frison et al., 2011; Lane and Jarvis, 2007; Lin, 2011; Shelef et al., 2017). This is particularly 

relevant in dry environments (Iglesias and Garrote, 2015). In this context, breeding and 

selection for drought adaptation is important (Di Falco and Chavas, 2008; Olesen et al., 

2011). 

Genetic variability has been considered the main determinant for the adaptation potential 

of plants in a changing environment (Lande and Shannon, 1996). Phenotypic plasticity (i.e. 

the ability of  a genotype to modify its phenotype in different environments, Bradshaw, 

1965) is a complementary adaptive mechanism (Fox et al., 2019) important for plant 

improvement (Sadras et al., 2009). Moreover, phenotypic plasticity is more important in 

clonal crops in which genetic improvement is largely constrained. Both phenotypic plasticity 

itself and its adaptive value can differ among traits (Sultan, 2000; Valladares et al., 2002), 

resulting, in certain cases, in counter-intuitive covariation patterns. For example, non-plastic 

traits can be associated with other plastic traits (Bradshaw, 1965; Sadras et al., 2009). 

Garlic (Allium sativum L.) is a widely distributed crop (Fritsch and Friesen, 2002; 

Kamenetsky, 2007), with more than 300 known varieties cultivated (De La Cruz and García, 

2007). Garlic annual production is between 22-28 million tonnes worldwide (FAOSTAT 

2019). For example, in 2016, its economic impact on import and export values was around 

3000 million € worldwide (FAOSTAT, 2019). However, garlic breeding is limited because 

most  cultivars are infertile and fertile crosses are rare (ChongJian et al., 2000; Etoh and 

Simon, 2002). Evaluating and understanding inter-cultivar variability in functional traits can 

provide clues to ascertain the adaptive value of phenotypic plasticity and benefit cultivar 

selection and garlic crop improvement (Volk, 2009). Bulb biomass at harvest and other bulb 

yield components are considered target traits for selection programs. However, 

complementary key traits should be considered. For example stomatal conductance 
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regulation couples transpired water and CO2 (Chaves et al., 2002), leaf area determines light 

capture and photosynthetic potential (Anten, 2005), and phenology determines the length of 

the vegetative and bulbing phases in garlic (Mathew et al., 2011). All these traits ultimately 

influence carbon allocation to the bulb and bulb yield. 

The objective of the study was to evaluate inter-cultivar variation of selected functional 

traits of garlic and their plasticity in response to water availability. A factorial experiment 

was established including 2-5 cultivars of contrasting origins, four water treatments and two 

years. We tested the following hypotheses: (a) Variability of functional traits and bulb 

biomass at harvest differ among cultivars; (b) the cultivars display differential phenotypic 

plasticity in response to water availability; (c) phenotypic plasticity is associated with yield 

and (d) as a consequence of adaptation to local conditions, we expect that traditional 

cultivars display lower phenotypic plasticity than commercial cultivars.  

75

Results

Álvaro Sánchez Virosta



2. Material and Methods 

2.1 Experimental design, plant material and watering treatment 

The experiment was carried out at the “Centro de Investigación Agroforestal de 

Albaladejito” (40º 04’ 31.436 N, 2º 12’ 18.061 W, altitude 902 m.a.s.l) in Cuenca, inland 

Spain, during two consecutive seasons, 2016-2017 and 2017-2018 (hereafter called “2017” 

and “2018” respectively). Meteorological data at the site were recorded with a micro-

meteorological station – Vantage pro 2 model 6152EU, Davis Instruments, Diablo, US– 

(Figure 1). Mean temperatures averaged 11.0 ºC in 2017 and 9.3 ºC in 2018. Minimum mean 

monthly temperatures were -3.6 ºC in January 2017 and -2.9 ºC in February 2018. Maximum 

mean monthly temperatures were 31.2 ºC in June 2017 and 30.3 ºC in the first half of July 

2018. Radiation and VPD were higher in 2017 than in 2018 (Figure 1).  

  

Figure 1. Weather conditions at the study site during two seasons: A) Average weekly minimum (Tmin) and maximum 
(Tmax) temperatures. Arrows show the onset of bulbification; B) Days with temperatures above 25 oC and below 0 oC
at each season; C) Average weekly vapour pressure deficit and D) Average weekly radiation. X-axis are days after 
planting (DAP). 
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The experiments combined cultivar and water treatments in a factorial design. In 2017 we 

included two cultivars (Table 1) and four water regimes (Table 2). In 2018, we combined 5 

cultivars, and 4 water regimes (Table 2). Cultivars were selected for their contrasting origin 

and background, as outlined in Table 1. Garlic cloves, treated with 1.5% sodium 

hypochlorite and the fungicide Prelude (prochloraz 20%, BASF SE, Ludwigshafen am 

Rhein, Germany) were planted in 20 L pots (height, 28 cm; top diameter, 32 cm; bottom 

diameter, 28 cm) in mid-December. Two plants were established per pot, one for leaf 

destructive measurements and the other for non-destructive measurements and bulb biomass. 

The pots were filled with unfertilized potting mix (pine bark compost, 45%; sphagnum peat, 

20%; coconut fiber, 20%; vegetable compost, 15%) with pH = 6.8-7.2. Plants were fertilized 

six times during the growing season with 1.65 kg m-3 of NPK 8-14-16; 1.65 kg m-3 of 

Duramon 26 (13% NH4-N, 11% urea N) and 0.21 kg m-3 of potassium chloride (60% K2O). 

Pots were randomly placed within the experimental area with enough distance between pots 

to avoid shading.  

All the pots were watered when needed maintaining the pre-stablished soil volumetric 

water content –VWCs– targets (Table 2) and were covered before rain events to avoid 

uncontrolled water supply. The targets for each crop stage were selected based on previous 

experiments (Sánchez-Virosta and Sánchez-Gómez, 2019). In 2018, the targets of treatments 

SW and WS in pre-bulbing and bulbing stage respectively, were reduced compared to those 

in 2017 (Table 2), since, in some cases of 2017, these treatments did not differ in the final 

water consumption–IG– from WW (Table 3). The studied cultivars reached the established 

VWCs targets and the average VWCs for each stage was very similar among cultivars in 

both years (Table 2). VWCs was measured at hourly intervals with FDR probes (ECH2O 

EC-5, Meter group, Inc., Pullman, USA) connected to dataloggers (Em50, Meter group, Inc., 

Pullman, USA) on each pot during the whole crop cycle.   
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Table 1. Cultivars and long-term rainfall, minimum and maximum temperatures at their traditional cultivation area . Climate date from 1902 to 2012. Data for GAR 

are not available since it is a commercial cultivar developed by a private company. *Popular commercial and widely distributed cultivar (Plantas de Navarra S.A. 

Planasa, Spain) **popular cultivar from Castile-La Mancha recognized by the European Union as a Protected Geographical Indication, PGI; *** Locally restricted 

cultivars 

  

 

 

 

 

 

 

  

 

 

Experiment Cultivar Traditional cultivation area  

December to 

March historical 

rainfall (mm)  

April to July 

historical 

rainfall (mm)  

December to July  

Minimum-maximum 

historical  temperature 

(ºC)  

2017, 2018 “Gardacho” (GAR)* 

Commercial developed by 

Planasa N/A N/A N/A 

2017, 2018 “Pedroñeras” (PED)** Las Pedroñeras (Spain) 154 137 0.5 - 32.3 

2018 “Chinchón” (CHI)*** Chinchón (Spain) 171 134 0.5 - 26.6 

2018 Cbt02710 (DRY)*** Santiago del Teide (Spain) 288 50 8.3 – 23.7 

2018 Port07990(RAIN)*** Viana do Castelo (Portugal) 633 245 6.6 - 23.6 

78

Results

Álvaro Sánchez Virosta



Table 2. Target and actual soil volumetric water (%) content for each water treatment and cultivar at different crop stages and seasons. Data are means ± S.E. 

 

 

2017     2018  
 

        

Treatment Target  GAR PED Treatment Target GAR PED CHI RAIN DRY 

 
Pre-bulbing     Pre-bulbing           

SS 15<X<20 18.8 ± 0.8 19.7 ± 0.7 SS 15<X<20 20.4 ± 0.4 19.8 ± 0.5 17.7 ± 0.3 20.9 ± 0.5 23.1 ± 0.4 

SW 15<X<20 19.7 ± 0.7 20.3 ± 0.7 SW 15<X<20 20.6 ± 0.4 22.8 ± 0.5 18.8 ± 0.4 19.6 ± 0.6 20.6 ± 0.4 

WS X>28  31.9 ± 1.5 30.1 ± 1.0 WS 20<X<25 23.8 ± 0.5 22.2 ± 0.4 25.3 ± 0.5 23.3 ± 0.5 26.9 ± 0.5 

WW X>28  30.1 ± 0.9 30.7 ± 1.0 WW X>28 26.2 ± 0.5 27.9 ± 0.6 29.4 ± 0.6 28.3 ± 0.6 28.7 ± 0.6 

 
  Bulbing      Bulbing           

SS 15<X<20 17.1 ± 0.5 16.3 ± 0.6 SS 15<X<20 14.8 ± 0.4 15.6 ± 0.6 15.5 ± 0.4 15.8 ± 0.5 19.3 ± 0.5 

SW X>28 27.8 ± 0.9 29.0 ± 1.0 SW 20<X<25 24.3 ± 0.4 25.0 ± 0.5 25.3 ± 0.5 25.0 ± 0.6 26.8 ± 0.4 

WS 15<X<20 18.4 ± 0.9 17.7 ± 0.7 WS 15<X<20 15.5 ± 0.4 15.0 ± 0.5 17.7 ± 0.6 14.5 ± 0.5 18.9 ± 0.5 

WW X>28  27.4 ± 0.9 29.3 ± 0.9 WW X> 28 27.5 ± 0.4 28.2 ± 0.4 29.8 ± 0.5 28.4 ± 0.5 30.5 ± 0.7 
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2.2 Stomatal conductance (gs) and crop water stress index (CWSI) 

Stomatal conductance was measured in 2017 with a steady-state leaf porometer (SC-1, 

Decagon Devices Inc., Pullman, WA, USA) at natural incident photosynthetic photon flux 

density (PPFD) and relative humidity (RH). Measurements of five replicates per cultivar and 

water treatment were performed one week before bulbing stage started (pre-bulbing) and at 

the middle of bulbing stage. All the measurements were recorded at midday (between 11:00 

and 14:00) on the middle part of the youngest fully expanded leaf. In 2018, we used thermal 

images to calculate the crop water stress index (CWSI), a trait that correlates with gs 

(Supplementary Figure 1) and is a non-invasive and faster method than porometry (Costa et 

al., 2013). Ground based thermal imaging (Fluke Ti300 camera, Fluke Corporation, USA, 

7.5-14 μm, 240x180 pixels; ε=0.96) was used to remotely assess leaf temperatures. The 

procedure described by Jones (1999) was followed to calculate reference surfaces. ‘Wet’ 

reference (Twet) was obtained spraying fresh water on a real garlic leaf attached to a 

polystyrene foam board and ‘dry’ reference leaves (Tdry) were covered with petroleum 

jelly. Zenithal thermal images covering the whole pot, plant leaves and surface references 

were taken. Finally, processed thermal images were used to calculate the crop water stress 

index (CWSI) as: 𝐶𝑊𝑆𝐼 = 𝑇𝑙𝑒𝑎𝑓 − 𝑇𝑤𝑒𝑡𝑇𝑑𝑟𝑦 − 𝑇𝑤𝑒𝑡  

2.3 Plant phenology and biomass 

Plant phenology was monitored at least twice monthly until harvest which was 

established when the three youngest leaves were dry. We periodically recorded the diameter 

of the pseudo-stem with a calliper to determine the date of plant maturity (TPsmax) when 

maximum pseudo-stem size (Psmax) was reached. At the middle of the bulbing stage, when 

leaf area peaked, we measured total leaf area (TLA) and specific leaf area (SLA, leaf 

area/leaf dry mass) in 4-5 replicates per treatment and cultivar in both years. Width and 

length of the green surface of all the leaves were measured with a flexible measuring tape. 

TLA was estimated from these measurements and previous regressions between known leaf 

areas of scanned leaves and their corresponding leaf width and length (R2=0.97). 

Afterwards, the youngest fully expanded leaves were sampled and oven dried at 65 ºC for 

three days. At harvest, all the roots in the pot were carefully removed from the soil and 

excised from the bulbs. Root samples were oven dried at 65 ºC for three days and weighed 

to the nearest mg. Harvested bulbs were stored in a ventilated warehouse and weighed until 

constant weight. Afterwards, bulbs were weighed. Bulb per L of water supplied (BIG) and 
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bulb per total leaf area (BLA) were calculated as the ratio of bulb biomass to water supplied 

and TLA respectively. 

 

2.4 Statistical analysis 

Phenotypic plasticity was quantified in two ways: i) as the slope of reaction norms, which 

are mathematical functions relating the phenotype value of each trait with the environment 

mean of all phenotypes (see Sadras et al., 2012) and ii) as a variance ratio (Dingemanse et 

al., 2010).  ANOVA was carried out to determine the effect of water treatment, cultivar and 

their interaction on all traits. For “Gardacho” and “Pedroñeras”, we also tested for the effect 

of season. A univariate ANOVA for each crop stage was performed for gs and CWSI. 

Afterwards, a post-hoc analysis (Fisher-LSD) was performed to identify homogeneous 

groups within each main factor. A correlation matrix was built to test associations between 

bulb biomass with other traits for which the factor treatment was significant. STATISTICA 

v.10 (Statsoft Inc., Tulsa, OK, USA) and SigmaPlot 11.0 (Systat Software Inc., San Jose, 

CA, USA) were used for data analysis.   
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3. Results 
3.1 Growth and phenology 

Water treatments and the weather variation between years impacted differently on each 

cultivar in terms of phenology, pseudo-stem size and harvesting date (Supplementary Table 

1 and Table 3). In 2017, well-watered plants reached higher maximum pseudo-stem size in 

both “Gardacho” and “Pedroñeras” than their counterparts under water deficit. Full 

irrigation delayed the time of maximum size. “Pedroñeras” showed higher, yet not 

significant, Psmax and TPsmax than “Gardacho”. While water deficit at pre-bulbing stage 

diminished Psmax in “Gardacho” on SS compared to WS, “Pedroñeras” did not show 

significant differences between these two treatments (Table 3).  

In 2018, all the cultivars reached the highest Psmax, TPsmax and were harvested later under 

well-watered conditions (WW) compared to the rest of treatments (Table 3). The response 

pattern of Cbt02710 differed significantly from the rest of cultivars. Cbt02710 had the 

lowest Psmax, and TPsmax as well as the earliest harvesting date (Table 3). In general, 

“Gardacho” and “Pedroñeras”, showed higher Psmax than the rest of cultivars. Interestingly, 

“Chinchón”, showed similar TPsmax across water treatments. “Gardacho” and “Pedroñeras” 

achieved lower TPsmax and higher Psmax in 2018 than in 2017 at similar water treatments.  

3.2 Water consumption 

Water consumption varied with water treatment and cultivar in both seasons. These 

factors displayed also a significant interaction in both years (Supplementary Table 1 and 

Table 3). In 2017, “Gardacho” consumed more water than “Pedroñeras” under WW, but no 

significant differences between cultivars were found across the other treatments (Table 3).  

In 2018, “Gardacho” tended to have the highest IG, especially under WW conditions 

while Cbt02710 showed the lowest IG. “Gardacho” and “Pedroñeras” consumed ca. 100% 

more water in 2018 than in 2017 under WW (Table 3).  
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Table 3. Maximum pseudo-stem (Psmax) size and date (TPsmax); Harvest date and irrigation water 

consumption (IG) of each cultivar at every water treatment in both years. Psmax and IG are means ± S.E. 

Different letters indicate values significant differences at P < 0.05 according to LSD Fisher test at each 

year separately. 

 

 

3.3  Stomatal conductance and crop water stress index   

In 2017, treatment, crop stage and their interaction had a significant effect on stomatal 

conductance (gs). In general, cultivar and its interactions did not have a significant effect on 

this trait. (Supplementary Table 2).  The ranking of treatments for gs at the pre-bulbing stage 

was: WW ≈ WS > SS ≈ SW (Fig. 2A). During bulbing stage, stomatal conductance was 

higher in the irrigated treatments SW and WW (Fig. 2B). Both cultivars showed a trend of 

higher gs on water deficit treatments at pre-bulbing stage compared to those at bulbing stage.  

In 2018, treatment, cultivar, crop stage and their interaction had a significant effect on 

CWSI (Supplementary Table 2). CWSI was higher under treatments with lower soil water 

 Trait 

Water 

regime 2017  2018 
     

 GAR PED GAR PED CHI RAIN DRY 

 SS        

TPsmax (DAP)  154.0 ± 4.7a 161.2 ± 5.7a 129.5 ± 6.1a 152.3 ± 16.7bc 169.0 ± 0.0cd 161.8 ± 7.3cd 142.0 ± 10.3ab 

Psmax (mm)  11.6 ± 0.4a 12.3 ± 0.7ab 13.9 ± 0.3defg 13.6 ± 0.9def 10.5 ± 0.1bc 12.4 ± 0.6cde 7.2 ± 0.7a 

Harvest (DAP)  189 204 192 195 197 192 189 

IG (L pot-1)  15.0 ± 0.7abc 15.5 ± 0.7abc 9.0 ± 0.5a 8.2 ± 0.2a 8.6 ± 0.5a 7.7 ± 0.6a 6.8 ± 0.5a 

 SW 
 

            

TPsmax (DAP)  173.5 ± 4.2b 181.0 ± 0.0b 161.8 ± 7.3cd 161.8 ± 7.3cd 169.0 ± 0.0cd 169.0 ± 0.0cd 131.5 ± 12.5ab 

Psmax (mm)  14.0 ± 0.8bcd 16.4 ± 1.2ef 15.5 ± 0.5fgh 16.6 ± 0.3hi 11.8 ± 0.8cd 15.0 ± 1.4fgh 7.3 ± 0.5a 

Harvest (DAP)  209 211 196 203 202 197 190 

IG (L pot-1)  39.8 ± 0.3ef 38.9 ± 0.8ef 14.0 ± 0.6abc 12.7 ± 0.8ab 13.5 ± 1.2ab 14.4 ± 2.0abc 9.8 ± 0.6ab 

 
WS               

TPsmax (DAP)  155.8 ± 3.7a 160.8 ± 6.1a 133.0 ± 1.0ab 149.7 ± 9.7abc 169.0 ± 0.0cd 169.0 ± 0.0cd 131.5 ± 12.5ab 

Psmax (mm)  14.7 ± 0.6cde 13.2 ± 0.6abc 16.3 ± 0.2ghi 14.6 ± 0.3fgh 10.5 ± 0.8bc 13.6 ± 1.5def 8.5 ± 0.3ab 

Harvest (DAP)  189 204 195 198 198 196 190 

IG (L pot-1)  24.0 ± 0.8cd 20 ± 2.0bc 14.6 ± 0.4abc 14.5 ± 0.6abc 13.8 ± 2.3abc 15.3 ± 2.0abc 11.9 ± 0.6ab 

 WW 
 

            

TPsmax (DAP)  176.8 ± 2.1b 181.0 ± 0.0b 169.0 ± 0.0d 174.3 ± 3.4cd 169.0 ± 0.0cd 170.8 ± 1.8cd 169.0 ± 0.0cd 

Psmax (mm)  15.6 ± 0.7def 17.0 ± 0.9f 23.0 ± 1.5l 20.6 ± 0.8jkl 18.3 ± 1.6ij 19.4 ± 0.7jk 13.4 ± 1.1def 

Harvest (DAP)  209 211 204 205 205 204 203 

IG (L pot-1)  42.6 ± 2.2fg 31.4 ± 1.4de 81.1 ± 13.7j 71.5 ± 11.7ij 52.3 ± 1.6gh 60.5 ± 8.1hi 47.7 ± 1.8fg 
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contents (Figures 2B-C). Differences among cultivars were larger at bulbing than at pre-

bulbing stage, especially with more water supply (Fig. 2C-D). “Gardacho” showed a trend 

of stable and lower CWSI compared to the other cultivars across treatments at pre-bulbing 

stage. Yet, it displayed significant variation across treatments at bulbing stage (Fig. 2D). 

“Chinchón” on SS and Cbt02710 on SW had the highest CWSI among cultivars at pre-

bulbing stage. However, at bulbing stage, “Chinchón” showed low CWSI under the highest 

water availability treatments at this stage (SW and WW) while Cbt02710 had the highest 

CWSI among cultivars under these treatments. “Pedroñeras” and Port07990, displayed 

marked differences on CWSI values in WW conditions as compared to the other treatments 

at both stages (Fig. 2B-C). 
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Figure 2: A) Stomatal conductance in 2017 (gs) at pre-bulbing stage (A),  bulbing stage (B) and crop 
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3.4 Phenotypic plasticity of biomass traits, bulb allocation traits and specific leaf area 

Biomass traits (TLA, bulb and root biomass) and bulb allocation traits (BIG and BLA) 

varied with treatment, cultivar and their interaction in 2018 (Supplementary Table 3). When 

both years were pooled, “Gardacho” and “Pedroñeras” displayed less accentuated 

differences and the interaction between cultivar and treatment was only significant for bulb 

biomass and TLA (Supplementary Table 3). All the cultivars except Cbt02710, displayed 

significant phenotypic plasticity for all traits (slopes significantly different from zero) except 

for SLA in 2018 (Figs. 3 and 4). Plasticity differed among cultivars with the following 

ranking: “Gardacho” > “Pedroñeras” ≈ “Chinchón” > Port07990 > Cbt02710. Inter-cultivar 

differences in yield and other biomass traits were the highest under WW in 2018. Cbt02710 

had the lowest yield and very low plasticity to soil water availability (slightly significant or 

non-significant slopes of reaction norms, (Figs. 3 and 4). Port07990 also had flat slopes, yet 

it was more sensitive to water availability than Cbt02710. Similar performance in yield and 

biomass traits between “Gardacho” and “Pedroñeras” were observed in 2017 except for root 

biomass while differences in 2018 were more accentuated (Fig. 3). 

Cultivars showed higher BIG under SS and SW in 2018, while differences were smaller in 

2017 (Figure 4A-B). In 2018, “Gardacho” had the highest BIG in all treatments and 

displayed high plasticity for this trait followed by “Pedroñeras”. “Chinchón” followed by 

Port 07990 showed lower, but significant plasticity of BIG while Cbt02710 did not display 

plasticity of BIG (Fig. 4A). “Gardacho” had the highest bulb biomass per litre and showed 

higher BIG in 2018 than in 2017, except for the treatment WW (Fig. 4B). Contrary to the 

result found for BIG, more bulb biomass per leaf area (BLA) was observed under WW in 

2018 (Figure 4C). Cbt02710 showed stable BLA with the highest results under SS and WS, 

while the lowest BLA under WW (Fig 4C). In contrast, the other cultivars showed significant 

plasticity of BLA. “Gardacho” followed by “Chinchón” and “Pedroñeras” had the highest 

plasticity of BLA. In 2018, “Gardacho” showed higher BLA than “Pedroñeras” while, in 2017, 

these cultivars had similar values, except under SW, where “Pedroñeras” displayed the 

highest BLA (Fig. 4D). Water availability did not affect SLA, yet the factors year and 

cultivar, in 2018, had a significant effect on this trait (Supplementary Table 2). “Chinchón” 

showed the lowest SLA and “Pedroñeras” the highest, while similar results were found for 

the other cultivars in 2018 (Fig 4E). Significant lower SLA was found for “Gardacho” and 

“Pedroñeras” in 2017 as compared to that in 2018 for all treatments (Fig 4F). 
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  2018         2017&2018   
Trait GAR PED CHI RAIN DRY GAR PED 
Bulb biomass 1.90 ± 0.35*** 1.06 ± 0.13*** 1.10 ± 0.19*** 0.56 ± 0.09*** 0.09 ± 0.15 N.S 1.28 ± 0.23*** 0.73 ± 0.23*** 
TLA 1.68 ± 1.15* 0.73 ± 1.22N.S 0.94 ± 0.74* 0.63 ± 0.15*** 0.41 ± 0.50 N.S 1.25 ± 0.26*** 0.74 ± 0.26*** 
Root biomass 1.51 ± 0.72* 1.12 ± 0.09*** 1.27 ± 0.60* 0.68 ± 0.54* 0.08 ± 0.05* 1.13 ± 0.39*** 0.87 ± 0.33*** 
 

Figure 3. Reaction norms of: A-B) bulb biomass C-D) Total leaf area (TLA) and E-F) Root biomass at different water treatments. 
Note that figures depicted at B), D) and F) are data for GAR and PED in 2017 and 2018. Slopes of the lines depicted are a 
measure of plasticity. Each vertical group of points correspond to the water treatment assigned on the axis line. The table showed 
below the figure are the slope confidence intervals (± 95%) of the lines depicted on each cultivar and water treatment at both 
years..#P<0.1, *P<0.05, **P<0.01, ***P<0.001, N.S= Non-significant. 

 

2017 & 2018 2018 
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  2018         2017&2018   
Trait GAR PED CHI RAIN DRY GAR PED 
BIG  1.45 ± 1.57# 1.15 ± 0.27*** 0.65 ± 0.25** 0.85 ± 0.75* 0.91 ± 1.36N.S 1.28 ± 0.26*** 0.70 ± 0.25*** 
BLA 1.43 ± 0.82* 1.24 ± 0.87* 1.35 ± 0.29*** 0.87 ± 0.24*** 0.02 ± 0.97N.S 0.92 ± 0.16*** 1.08 ± 0.14*** 
SLA  0.45 ± 7.75N.S 1.27 ± 1.75N.S 1.42± 5.18N.S 0.99 ± 10.49N.S 1.93 ± 1.51* 0.84 ± 0.10*** 1.16 ± 0.10*** 
 

Figure 4. Reaction norms of: A-B) bulb biomass per litre C-D) Bulb biomass per total leaf area (TLA) and E-F)  Specific leaf 
area (SLA) at different water treatments. Note that figures depicted at B), D) and F) are data for GAR and PED in 2017 and 
2018. Slopes of the lines depicted are a measure of plasticity. Each vertical group of points correspond to the water treatment 
assigned on the axis line. The table showed below the figure are the slope confidence intervals (± 95%) of the lines depicted on 
each cultivar and water treatment at both years.#P<0.1, *P<0.05, **P<0.01, ***P<0.001, N.S= Non-significant. 
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3.5 Association of cultivar bulb biomass with other traits and bulb phenotypic plasticity 

Table 4. Pearson correlation coefficients between bulb biomass and: stomatal conductance in 2017 and 

crop water stress index in 2018 at the pre-bulbing stage (gsPre and CWSIPre respectively) and at the 

bulbing stage (gsBulb and CWSIBulb respectively); root biomass, water consumption (IG) and Total leaf 

area (TLA). Results account for all treatments pooled for each year and cultivar. Correlation on 

variables marked with+ are done at the pot level while the other are done on individual plants. #P<0.1, 
*P<0.05, **P<0.01, ***P<0.001, N.S= Non-significant. 

 

Bulb biomass correlations depended on the cultivar and year (Table 4). In 2017, bulb 

biomass was highly correlated with water consumption in both “Gardacho” and 

“Pedroñeras”. This year bulb biomass did not correlate with total leaf area (TLA) for any 

cultivar and the correlation with root biomass was not significant for “Pedroñeras”. In 

contrast, bulb biomass was correlated with gs at the bulbing stage, particularly for 

“Pedroñeras”. 

 In 2018, bulb biomass correlated with all the traits. Bulb biomass displayed the highest 

correlations with TLA and root biomass. Nonetheless, this correlation differed among 

cultivars. “Gardacho” and Port07990 followed by “Chinchón” were the cultivars displaying 

the strongest correlation between bulb biomass and TLA while “Pedroñeras” and Cbt02710 

the weakest. All the cultivars, except for Cbt02710, showed significant correlation between 

bulb biomass and IG. At pre-bulbing stage, non-significant or weak correlations with CWSI 

were found, except for Port07990. In contrast, at bulbing stage, Cbt02710 was the only 

cultivar whose bulb biomass was not correlated with CWSI (Table 4).  

Cultivar Year gsPre/ CWSIPre gsBulb / CWSIBulb Root+ (g pot-1) Irrigation+ (L pot-1) TLA (cm2) 
 

2017 0.11N.S 0.73*** 0.41* 0.81*** 0.33# 

“Gardacho”  0.44N.S 0.62* 0.56* 0.83*** 0.35N.S 

“Pedroñeras”  -0.11N.S 0.82*** 0.33N.S 0.85*** 0.34N.S 
 

2018 -0.31** -0.62*** 0.86*** 0.70*** 0.81*** 

“Gardacho”  0.07N.S -0.75*** 0.93*** 0.82*** 0.96*** 

“Pedroñeras”  -0.53# -0.80*** 0.91*** 0.92*** 0.56* 

“Chinchón”  -0.41N.S -0.67** 0.90*** 0.87*** 0.81*** 

Cbt 02710  0.02N.S -0.07N.S 0.65** -0.02N.S 0.62* 

Port 07990  -0.77*** -0.77*** 0.83*** 0.62** 0.92*** 
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Bulb biomass across cultivars was correlated with plasticity calculated as variance ratio 

of bulb biomass to water availability. Yet the gain of bulb biomass with plasticity was 

weaker as water deficit increased (Figure 5).  

  

Figure 5. Relationship between phenotypic plasticity of bulb biomass and bulb biomass across cultivar 
in 2018 for each water treatment. Bulb biomass plasticities are dimensionless units calculated as the 
ratio between the variance of each cultivar and the total variance of all phenotypes pooled. Fitting lines 
of the treatments are shown by: WW, black line, SW grey line; WS, grey dotted line and SS, black dotted 
line. Each vertical group of points assigned on the axis line correspond to each cultivar and its 
variance ratio (VR). DRY = Cbt 02710; RAIN = Port07990; PED = Pedroñeras; CHI = Chinchón and 
GAR= Gardacho 
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4. Discussion: 
4.1 Development and growth in response to environmental conditions 

Plant phenology plays a key role on the adaptation of cultivars to the environment 

(Blum, 2005; Sadras et al., 2009). Growth period and maturity of garlic is intrinsically 

linked to the genotype but also to environmental conditions (Hsiao et al., 2019; 

Kamenetsky et al., 2004). Water deficit decreases carbon gain through stomatal closure 

(Mcdowell et al., 2008) with the subsequent reduced vegetative growth and early carbon 

allocation to storage organs, as previously reported in garlic (Rizzalli et al., 2002). 

Cultivars can display adaptations, reflected in growth traits, to the local environment of 

their traditional cultivation area (Franks et al., 2007; Keller et al., 2011; Wolkovich et al., 

2014). In this study, we found a general effect of water deficit on garlic growth and 

development yet inter-cultivar variation was found in the sensitivity to water availability. 

Under well-watered conditions, increased stomatal conductance and water consumption 

was accompanied, in general, by higher growth and larger plants except for Cbt02710, 

which showed putative adaptations to water deficit (i.e. high CWSI, low water 

consumption, earliness) and inherently stable low growth potential even under non-limiting 

conditions (Nakhforoosh et al., 2016). “Chinchón”, showed a stable phenology and inherent 

water saving traits at pre-bulbing stage yet high stomatal conductance in well-watered 

conditions at the bulbing stage. This suite of traits can favour water saving at early stages 

so it can be available at later stages when water deficit is particularly harmful for yield  

(Marsal and Girona, 1997; Mastrorilli et al., 1999). “Gardacho” and “Pedroñeras” showed 

higher growth at the expense of increased resource acquisition, which is a common attribute 

of modern cultivars (Rizza et al., 2012; Siddique et al., 1990). Nonetheless, their phenotype 

could not be optimized for limiting or stressful environmental conditions (Lin, 2011; 

Nguyen-Sy et al., 2019) as occurred with “Gardacho” in 2017. Very low temperatures at 

the beginning of the growth cycle along with unusually high temperatures in spring and 

summer of 2017 could have constrained “Gardacho” growth by metabolic and functional 

disturbances (Hsiao et al., 2019; Killi et al., 2017; Li et al., 2018). In contrast, “Pedroñeras” 

was less affected by variation between years which suggests an adaptive response to 

fluctuating temperatures and high thermal amplitudes, which are characteristic of inland 

Spain (Folguera et al., 2009). 
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4.2 Phenotypic plasticity  

The studied cultivars displayed great variability on biomass gain and plasticity to water 

availability, especially under well-watered conditions, while, under water deficit, the 

differences were notably smaller. This pattern has been reported in similar experiments in 

sunflower (Sadras et al., 2009) and field pea (Sadras et al., 2013). In fact, traits related with 

maximization of resource acquisition and growth rates seem to trade-off with stress 

resistance traits in general (see Bristiel et al., 2018 and references therein) and drought 

resistance in particular (Benavides et al., 2015; Pearson et al., 2003; Volaire et al., 2014). 

The putative drought tolerance traits observed in Cbt02710 are also consistent with this 

trade-off since it showed minimum yield improvement in response to increased water 

availability. In fact, controversy whether specific drought resistance mechanisms should be 

the target for enhanced crop yield under water deficit is still unresolved (Blum, 2009; 

Condon et al., 2004; Passioura, 2006).  

The efficiency of different traits associated with harvest index has been improved  in the 

last decades on several grain crops (Donald and Hamblin, 1976; Hay, 1995; Sinclair, 1998), 

yet in other crops such as garlic this efficiency remains poorly documented (Mathew et al., 

2011). In our study, plasticity of BIG and BLA suggests a general capability of garlic 

cultivars to modify resource allocation to the bulb in response to the environmental 

conditions as has been reported in other Allium crops (Brewster et al., 1986; Mallor and 

Thomas, 2008; Nault and Gagnon, 1988). Here we found the highest BIG when water deficit 

was applied at pre-bulbing while lower BIG when water deficit was applied at the bulbing 

stage. In fact, the bulbing stage has been identified as the most sensitive stage to water 

deficit in garlic (Domínguez et al., 2013; Fabeiro Cortés et al., 2003). However, BIG and 

BLA varied across cultivars. Low TLA along with the high BLA in “Chinchón” suggests a 

conservative use of water associated with reduced transpiring surface (Knight et al., 2006; 

Shrestha et al., 2006) and increased allocation to reserves organs (see Velázquez et al., 

2017 and references therein). In turn, the highest plasticity of biomass allocation to bulb in 

the most productive cultivar, “Gardacho”, agrees with previous studies in which under 

favourable environments, greater leaf area development grant mobilization of resources 

from the leaves to harvestable and storage organs (Amanullah and Inamullah, 2016). 
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However, weather conditions could affect the efficiency of resource capture and yield even 

under well-watered conditions. This was especially true in 2017 for “Gardacho”. As a 

widely spread commercial cultivar, “Gardacho” has likely been selected for maximization 

of yield under favourable conditions (Byerlee, 1996; Materne and Reddy, 2007) yet high 

plasticity on bulb biomass displayed by “Gardacho” highlights that yield was impaired by 

water deficit and unfavourable weather   in 2017. Nonetheless, “Gardacho” yield was 

similar to the locally adapted varieties in the worst growing conditions, and clearly superior 

in the best conditions, with no apparent trade-off. 

Unlike BLA and TLA, the specific leaf area (SLA), was not plastic to water availability 

but it varied between years, probably as a response to differences in radiation. This likely 

implies an adaptive plastic response to maximize light capture in lower radiation 

environments (Beckmann et al., 2012; Givnish et al., 2004).  

4.3 Bulb biomass associations with plasticity and other traits 

The strongest correlations between functional traits and bulb biomass were found in 

2018, with more favourable weather. Under less favourable conditions, regular allocation 

patterns and functional equilibrium of plant development can be affected (Gray and Brady, 

2016) which might have  weakened the association between functional traits and biomass in 

2017 (Ferrari et al., 2018). Our study supports that the interplay among abiotic factors, 

functional traits and yield components is cultivar-dependent (Korres et al., 2016 and 

references therein). For example, stomatal conductance or irrigation had no influence on 

bulb biomass of low-productive cultivar Cbt02710. In contrast, more productive cultivars, 

displayed greater associations between bulb biomass and water-dependent traits (i.e. gs, 

CWSI, IG).  

Greater differences among treatments of high bulb plasticity cultivars (i.e “Gardacho”) 

denote the increment of bulb yield under well-watered conditions yet an important decrease 

under water deficit. This effect relying on water availability could be risky for yield under 

severe droughts scenarios (Tardieu et al., 2014). Locally adapted genotypes to drought-

prone environments might have evolved a canalized phenotype (low phenotypic plasticity) 

since low plasticity can be the more adaptive strategy to stressful conditions (Ghalambor et 

al., 2007). On the other hand, it has also been hypothesized that artificial selection (Garland 
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and Kelly, 2006) and selection for yield is associated with enhanced phenotypic plasticity 

(Vilela and González-Paleo, 2015), a hypothesis that agrees with the findings of this study. 

However, plasticity of yield should be considered with caution, because we cannot 

ascertain in this study whether this plasticity is the result of inevitable constraints due to 

resource limitation and/or maladaptive or adaptive adjustments to the environment (Sultan 

2000).  

5. Conclusions 

Garlic cultivars differed in their functional response to water availability and phenotypic 

plasticity denoting a significant source of phenotypic variability for selection programs 

aiming at garlic improvement under water deficit. Cultivars with higher plasticity displayed 

higher bulb yield under well-watered conditions. However, under water deficit these 

cultivars displayed similar or slightly higher bulb yield than cultivars with putative 

drought-tolerance traits and low plasticity. Moreover, the timing of water deficit and other 

environmental conditions that differ across years can also contribute to crop performance 

and yield. Therefore, we cannot conclude that productive cultivars should be selected for 

crop improvement in water-limited environments because: (i) we cannot rule out the 

possibility that big bulbs are a constitutive character of studied cultivars and we lack 

information on to what extent the large decrease in bulb size was associated with potential 

declines in bulb quality and susceptibility to postharvest diseases and plagues; ii) the study 

was carried on with a restricted sample of isolated plants in pots, so we cannot directly 

extrapolate to field conditions.  Nevertheless, the study provides new insight on the 

potential value of selected functional traits and their phenotypic plasticity for cultivar 

selection in different water availability environments. 
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Supplementary data 

 
 

 

 

 

 

 

 

 

 

Supplementary Table 2. ANOVA Fisher values of water treatment (T), cultivar (C) and the interaction (T x C) on stomatal conductance (gs) in 2017 and 
crop water stress index (CWSI) in 2018. Results provided are as a pool of data and at each crop stage separately: Pre-bulbing phase (subscript Pre) and 
Bulbing phase (subscript Bulb..#P<0.1, *P<0.05, **P<0.01, ***P<0.001, N.S= Non-significant. 

 
 

 

Variable Treatment (T) Cultivar (C) T х C Year (Y) T x Y C x Y T x C x Y 
2017 & 2018        

Psmax (mm) F(3/91)=30.1*** F(1/91)=0.0N.S F(3/91)=2.0N.S F(1/91)=24.3*** F(3/91)=5.1*** F(1/91)=2.8# F(3/91)=0.6N.S 
Psmax (DAP) F(3/91)=22.4*** F(1/91)=9.1*** F(3/91)=0.9N.S F(1/91)=24.6*** F(3/91)=0.7N.S F(1/91)=0.8N.S F(3/91)=0.9N.S 
IG (L pot-1) F(3/52)=83.9*** F(1/52)=2.4N.S F(3/52)=1.2N.S F(1/52)=0.0N.S F(3/52)=42.0*** F(1/52)=0.0N.S F(3/52)=0.1N.S 

2017        
Psmax (mm) F(3/70)=12.2*** F(1/70)=2.1N.S F(3/70)=2.3#     
Psmax (DAP) F(3/70)=16.9*** F(1/70)=4.4* F(3/70)=0.1N.S     
IG (L pot-1) F(3/31)=159.0*** F(1/31)=17.4*** F(3/31)=8.2***     

2018         
Psmax (mm) F(3/53)=75.6*** F(4/53)=57.8*** F(12/53)=1.0N.S     
Psmax (DAP) F(3/53)=8.3*** F(4/53)=10.0*** F(12/53)=2.0*     
IG (L pot-1) F(3/53)=131.3*** F(4/53)=2.7* F(12/53)=1.7#     

Supplementary Table 1. Supplementary Table 1. ANOVA Fisher values of water treatment (T), cultivar (C), Year (Y) and their 
interactions on maximum pseudo-stem size (mm) and date (DAP) and water supply per pot (IG) in 2017 and 2018. ..#P<0.1, 
*P<0.05, **P<0.01, ***P<0.001, N.S= Non-significant. 

Variable Treatment (T) Cultivar (C) T х C Stage (S) T х S C х S T х C x S 
2017        
gs (mmol m2 s-1) F(3/55)=22.1*** F(1/55)=0.6N.S F(3/55)=1.5 N.S F(1/55)=7.1* F(3/55)=21.3*** F(1/55)=0.0 N.S F(3/55)=1.0N.S 
gsPre (mmol m2 s-1) F(3/29)=25.6*** F(1/29)=0.5N.S F(3/29)=3.2* + + + + 

gsBulb (mmol m2 s-1) F(3/26)=18.8*** F(1/26)=0.2N.S F(3/26)=0.2N.S + + + + 
2018        

CWSI F(3/256)=60.1*** F(4/256)=12.2*** F(12/256)=3.2*** F(1/256)=4.9* F(3/256)=18.3*** F(4/256)=7.4*** F(12/256)=1.4N.S 

CWSIPre F(3/138)=18.3*** F(4/138)=11.1*** F(12/138)=2.7*** + + + + 
CWSIBulb F(3/118)=46.3*** F(4/118)=8.8*** F(12/118)=2.0* + + + + 
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Supplementary Table 3. ANOVA Fisher values of Year (Y), water treatment (T), cultivar (C) and their interactions on bulb biomass, total leaf area (TLA), 
root biomass per pot, bulb biomass per litre of irrigation (BIG), bulb biomass per leaf area (BLA) and specific leaf area (SLA). Results provided are as a 
pool of data of 2017 and 2018 for GAR and PED and in 2018 for the five cultivars..#P<0.1, *P<0.05, **P<0.01, ***P<0.001, N.S= Non-significant. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Supplementary Figure 1. Relationship between CWSI and gs in 2018 experiment. Data from pre-bulbing stage and in the middle of the bulbing stage are 
pooled. 

 
2017&2018 
GAR and PED   

 
 

 
2018   

Variable Year (Y) Treatment (T) Cultivar (C) T х C C х Y T х C x Y Treatment (T) Cultivar (C) T X C 
Bulb (g) F(1/120)=9.9*** F(3/120)=123.3*** F(1/120)=35.7*** F(3/120)=6.9*** F(1/120)=26.3*** F(3/120)=4.7*** F(3/126)=148.8*** F(4/126)=73.1*** F(12/126)=15.2*** 
TLA (cm2) F(1/81)=75.0*** F(3/81)=22.6*** F(1/81)=4.6* F(3/81)=3.3* F(1/81)=1.0N.S F(3/81)=3.8* F(3/126)=43.0*** F(4/126)=119.0*** F(12/126)=3.9*** 
Root (g pot-1) F(1/52)=0.2N.S F(3/52)=29.7*** F(1/52)=14.6*** F(3/52)=0.45N.S F(1/52)=9.2*** F(3/52)=1.3N.S F(3/53)=40.7*** F(4/53)=18.8*** F(12/53)=3.2*** 
BIG (g L-1) F(1/52)=93.1*** F(3/52)=30.6*** F(1/52)=16.8*** F(3/52)=2.15N.S F(1/52)=31.4*** F(3/52)=1.3N.S F(3/52)=41.1*** F(4/52)=23.4*** F(12/52)=2.0* 
BLA (g / m2 kg-1) F(1/81)=49.5*** F(3/81)=69.9*** F(1/81)=3.7# F(3/81)=0.6N.S F(1/81)=29.1*** F(3/81)=4.4** F(3/126)=73.9*** F(4/126)=17.0*** F(12/126)=8.0*** 
SLA (m2 kg-1) F(1/52)=142.8*** F(3/52)=1.4N.S F(1/52)=0.1N.S F(3/52)=0.2N.S F(1/52)=4.4* F(3/52)=0.1N.S F(3/52)=1.2N.S F(4/52)=12.0*** F(12/52)=0.9N.S 

R² = 0.80
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5.4 Thermography as a tool to assess inter-cultivar variation in garlic 
performance along gradients of soil water availability   

 
Álvaro Sánchez-Virosta1 and David Sánchez-Gómez1 
1Instituto Regional de Investigación y Desarrollo Agroalimentario y Forestal de Castilla La Mancha (IRIAF), 
CIAF de Albaladejito (Cuenca, Spain), Ctra- Cuenca- Toledo, km. 174, 16194, Cuenca, Spain 

 

Abstract: 

Climate change entails increasingly frequent, longer and more severe droughts, 

especially in some regions, such as the Mediterranean. Under these water scarcity 

conditions, agricultural yields of important crops such as garlic are threatened. Finding 

better adapted cultivars to low water availability environments could help mitigate the 

negative agricultural and economic impacts of climate change. For this purpose, plant 

phenotyping protocols based on remote-sensing technologies, such as thermal imaging can 

be particularly valuable since they facilitate screening and selection of germplasm in a cost-

effective manner, covering a wide range of temporal and spatial scales. In this study, the 

use of a thermal index known as the crop water stress index (CWSI), was tested as a 

predictor of bulb biomass and for the assessment of inter-cultivar variability of five garlic 

cultivars in response to a gradient of soil volumetric water content (VWCs). Three 

experimental assays, one in the 2018 season and two in 2019, covering a wide range of 

water availability levels were carried out. Different linear models were developed, with 

CWSI, and VWCs as continuous predictors of bulb biomass, and the factor cultivar as a 

categorical predictor. The results support the existence of inter-cultivar variation in terms of 

sensitivity to water availability. The most productive cultivars under favourable conditions 

were also the most sensitive to water availability. In contrast, the cultivars with lower bulb 

production potential, displayed lower sensitivity to water availability and higher stability 

across experimental assays. The results support also that CWSI, which was sensitive to 

inter-cultivar variability, is a good predictor of garlic bulb biomass. Therefore, CWSI can 

be a valuable tool for garlic phenotyping and cultivar screening. 
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Introduction: 

Erratic climatic conditions brought about by climate change entail a great instability in 

crop yields throughout crop seasons (Anderson, 2010; De Vita et al., 2010; Del Moral et al., 

2003) which poses economic losses (Batisani, 2012). These economic and yield damages 

could be buffered with more resilient agroecosystems based on crop biodiversity (Di Falco 

and Chavas, 2008, 2006). In this sense, finding sustainable, resilient and more yield-stable 

cultivars under different environmental conditions becomes crucial, especially under 

climate change scenarios (De Young et al., 2012; Heinemann et al., 2014; Pereira, 2016; 

Picasso et al., 2019; Scheben et al., 2016).  

Crop phenotyping is currently in the search of improved genotypes/cultivars against 

abiotic and biotic stresses (Araus et al., 2014, 2008). Thus, intraspecific characterization of 

functional and yield responses to the environment should be a key approach in crop 

breeding and selection programs (Rosenqvist et al., 2019). For this purpose, crop 

phenotyping and cultivar selection must be performed in a cost-effective manner with 

practical implementation (Araus et al., 2018; Costa et al., 2019; FAO, 2009). In this sense, 

the use of new technologies, along with enhanced agro-biodiversity, represents a host of 

promising opportunities to improve agriculture sustainability and crop adaptability to 

climate change (Deery et al., 2016; Lin, 2011; Shelef et al., 2017). 
   

Plant phenotyping based on rapid, scalable and non-invasive techniques could optimize 

the assessment of inter-cultivar or inter-genotype variability in the plant response to the 

environment (Costa et al., 2019; Deery et al., 2016). Remote-sensing techniques, along with 

functional plant modelling allows for the assessment and analysis of key functional traits in 

a wide range of temporal and spatial scales (Araus and Cairns, 2014; Deery et al., 2016; 

Singh et al., 2016). In this sense, certain thermal indices derived from thermal imaging, 

such as the crop water stress index (CWSI), have been reported as effective and useful tools 

for plant phenotyping, regarding plant water relations in response to environmental 

conditions (Costa et al., 2013; Jones  et al., 2002). Since the introduction of CWSI by Idso et 

al., (1981) and Jackson et al., (1981), this index has been progressively used as a proxy for 
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stomatal conductance and transpiration with practical applications (Maes and Steppe, 2012 

and references therein). For example, it has been successfully applied for inter-cultivar 

drought-tolerance screening in lentil (Biju et al., 2018) or grapevine (Bellvert et al., 2015) 

and for irrigation scheduling in cotton (Colaizzi et al., 2003) or potato (Ramírez et al., 

2016). However, to the best of our knowledge, the use of thermal imaging has not been 

explored in other important horticultural crops such as garlic. 

Garlic (Allium sativum. L) ranks second among the most cultivated Allium crops 

worldwide, with a steadily increasing global production that reached 28.5million tonnes 

(mt) in 2018 (FAOSTAT data, 2018). Particularly in the Mediterranean region, garlic is a 

widely distributed crop (Etoh and Simon, 2002), being an important element of the 

Mediterranean diet and considered as a functional food because of its bioactive components 

(Lanzotti, 2006; Ortega, 2006). However, high sensitivity of bulb formation to 

environmental factors (e.g. water deficit, high temperatures, etc) are threatening this 

important crop in the current context of climate change (e.g. Domínguez et al., 2013; 

Fabeiro Cortés et al., 2003; Wu et al., 2016). Mediterranean climate is characterized by a 

great seasonal and inter-annual variability, with dry periods and a high frequency of 

droughts and heat waves. Moreover, extreme climatic events have been more frequent in 

the last decades and are expected to increase in the Mediterranean region (Bolle, 2003; 

Luterbacher et al., 2006). This poses an additional stress for current and future irrigation 

resources of the region (Fader et al., 2016; Malek and Verburg, 2018).  

Garlic crop improvement and adaptation is crucial under these climatic scenarios. 

However, breeding of garlic is limited by the fact that the majority of cultivars are non-

fertile and very specific conditions are needed for florogenesis and seed production 

(Kamenetsky et al., 2004; Zheng et al.,, 2007). In this context, the assessment and 

understanding of inter-cultivar variability of garlic in response to limiting environmental 

conditions, and the selection of the best performing genotypes, is crucial for its adaptation 

to future environmental conditions (Egea et al., 2017). Some attempts have been made to 

conduct cultivar screening and phenotyping in garlic (e.g. Barboza et al., 2019; Chen et al., 

2013; Wang et al., 2014) and to assess growth and/or bulb production variation in response 

to environmental conditions (Hsiao et al., 2019; Nackley et al., 2016; Wu et al., 2016). 
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However, the assessment of inter-cultivar variation in response to water availability 

(Badran, 2015) is still scarce. In this regard, it has been highlighted the need to include 

inter-cultivar variability in plant growth and yield response models to environmental 

conditions for improved efficiency in maximizing yields and develop effective mitigation 

and adaptations tools in garlic (Hsiao et al., 2019). 

The objective of this study is to evaluate a stress index (CWSI) based on a non-invasive 

methodology such as thermal imaging, to be implemented on garlic crop management. 

Specifically, CWSI is evaluated as a potential valuable index able to assess inter-cultivar 

variability in bulb production in response to a gradient of soil moisture. Different linear 

models were performed where two continuous predictors (Cp) of bulb production, CWSI 

and soil volumetric water content (VWCs), alone or in combination, were evaluated. These 

models were tested to determine the variability in the response of five garlic cultivars to a 

gradient of VWCs across three experimental assays, one in the 2018 and two in 2019, in 

two different locations and different weather conditions.  

 

2. Materials and Methods 

2.1 Study site and weather conditions  

Three field assays were carried out during two consecutive seasons, 2017-2018 and 

2018-2019 (hereafter referred as “2018” and “2019” respectively). During 2018 we 

conducted one of the assays (Alb18) at the “Centro de Investigación Agroforestal de 

Albaladejito” (40º 04’ 31.436 N, 2º 12’ 18.061 W, altitude 902 m.a.s.l) in Cuenca, inland 

Spain. The climate of this region is classified as Mediterranean-continental climate, 

characterized by cold winters and hot and dry summers, with strong thermal oscillations. 

Historical average annual precipitation and temperature are ca. 500 mm and 11.8 ºC 

respectively. The soil of Albaladejito is a sandy silt loam (see additional details of its 

physicochemical characteristic in Sánchez-Virosta and Sánchez-Gómez, 2019)  

In 2019, two additional assays were placed in two locations. The first one was placed at 

Albaladejito (Alb19), in an experimental plot close to that of Alb18, and the other one (Isl19) 

was placed at IMIDRA’s experimental station, “La Isla” (40° 18.75’ N; 3° 29.89’ W; 528 

m.a.s.l), in Arganda del Rey, Community of Madrid, 140 km away from Albaladejito. “La 
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Isla” is located in the central region of the Iberian Peninsula, within the domain of the 

Mediterranean-temperate climate, with a Mediterranean-continental tendency. Historical 

average annual rainfall is between 440 and 490 mm and the average annual temperature is 

around 14 ºC. The soil in “La Isla” is a sandy silt loam with the following chemical 

characteristics: pH of 8.5; 1.3% organic matter; 0.3% nitrogen, 42 mg phosphorus (P)/kg 

and 434 mg potassium (K)/kg. Soil analyses were performed by “Laboratorio de Suelos 

IMIDRA” (Instituto Madrileño de Investigación y Desarrollo Rural, Agrario y Alimentario, 

Madrid, Spain).  

Meteorological data at Albaladejito were recorded with a micro-meteorological station – 

Vantage pro 2 model 6152EU, Davis Instruments, Diablo, US– in 2018 and 2019. At “La 

Isla” these data were collected from a weather station placed in the experimental farm 

named “Arganda”, which belongs to the national network of the agroclimatic information 

system for irrigation, managed by the MAPA 

(http://eportal.mapa.gob.es/websiar/Inicio.aspx). Mean temperatures (Tmean), radiation, 

wind speed and vapour pressure deficit (VPD) varied across seasons and locations. 

Relatively mild weather conditions were recorded in Alb18 while more severe climatic 

conditions were recorded in the assays of 2019, especially in Isl19 (Figure 1).  
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Figure 1. Weather conditions at the different experiments during the two seasons: A) Average daily temperature (Tmean); B) Average daily vapour pressure 
deficit; C) Average daily radiation and D) Average daily wind speed. X-axis are days after planting (DAP). Red colour corresponds to the assay conducted 
at La Isla in 2019 (Isl19); Black colour corresponds to the assay conducted at Albaladejito in 2019 (Alb19); Blue colour corresponds to the assay conducted 
at Albaladejito in 2018 (Alb18).  

 

D
) 

C) 

A) B) 
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2.2 Plant material, experimental design and watering treatment  

The five studied cultivars were selected according to their different genetic background 

and different origins with contrasted climatic conditions (Table 1). The studied cultivars 

were “Gardacho” – GAR –(introduced “American type” commercial cultivar); “Purple of 

“Pedroñeras” – PED –  (popular and appreciated cultivar from Castile-La Mancha 

recognized by the European Union as a Protected Geographical Indication, PGI); “Fino de 

Chinchón” – CHI – (traditional cultivar from the south of Madrid); Cbt00089 – DRYII – 

(traditional cultivar from Tenerife Island) and Port07990– RAIN – (traditional cultivar 

from the north-west of Portugal). The bulbs for the experiment were obtained from the 

Bank of Plant Germplasm of IMIDRA (FAO code ESP198); the garlic cooperatives (“San 

Isidro el Santo” and “Coopaman S.C.L”, “Las Pedroñeras”, Cuenca, Spain); the 

Agricultural Biodiversity Conservation Centre of Tenerife (CCBAT) and the Portuguese 

Bank of Plant Germplasm. 

The five garlic cultivars were planted on field plots across a gradient of soil water 

availability. In Alb18, four cloves of each of the five cultivars were planted within eleven 

plots. In Alb19 and Isl19, three cloves x cultivar were planted within nine plots at each 

location. Before planting, the cloves were treated with 1.5% sodium hypochlorite and the 

fungicide Prelude (prochloraz 20%, BASF SE, Ludwigshafen am Rhein, Germany). The 

biggest and healthiest cloves of each cultivar were selected and manually planted within 

each plot. Distance between plants within a line was 0.15 m and distance between lines was 

0.40 m. The cloves were randomly placed within each plot and watered after planting to 

help plant establishment.  
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Table 1. Cultivars and long-term rainfall, minimum and maximum temperatures at their traditional 
cultivation area. Climate date from 1902 to 2012. Data for GAR are not available since it is a 
commercial cultivar developed by a private company. *Popular commercial and widely distributed 
cultivar (Plantas de Navarra S.A. Planasa, Spain) **popular and widely distributed cultivar from 
Castile-La Mancha recognized by the European Union as a Protected Geographical Indication, PGI; *** 

Locally restricted cultivars 

  

The plots were watered when needed to maintain the soil volumetric water content –

VWCs– within the pre-stablished target range (Table 2). In 2019, to reach lower VWCs, the 

plots were covered with rainfall cover structures during rain events to avoid uncontrolled 

water supply. VWCs was measured at hourly intervals with FDR probes (ECH2O EC-5, 

Meter group, Inc., Pullman, USA) connected to dataloggers (Em50, Meter group, Inc., 

Pullman, USA) on each plot during the whole crop cycle. 

  

Cultivar Traditional cultivation area  

December to 
March 
historical 
rainfall (mm)  

April to July 
historical 
rainfall (mm)  

December to July  
Minimum-
maximum 
historical  
temperature (ºC)  

“Gardacho” (GAR)* Commercial developed by Planasa N/A N/A N/A 

“Pedroñeras” (PED)** “Las Pedroñeras” (Spain) 154 137 0.5 - 32.3 

“Chinchón” (CHI)*** “Chinchón” (Spain) 171 134 0.5 - 26.6 

Cbt00089(DRYII)*** Vilaflor (Spain) 284 44 5.5 – 22.9  

Port07990(RAIN)*** Viana do Castelo (Portugal) 633 245 6.6 - 23.6 
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Table 2. Soil volumetric water (%) targets and actual content per day (VWCs day-1) on each assay 
and plot. 

Assay Plot 
Target 

VWCs (%) 
VWCs 

(% day-1) Assay Plot Target VWC(%) 
VWCs  

(% day-1) 

Alb18 P1 X >25 27.82 Alb19 P15 17> X >15 16.06 

Alb18 P2 X >25 26.13 Alb19 P16 17> X >15 15.96 

Alb18 P3 X >25 25.73 Alb19 P17 17> X >15 15.60 

Alb18 P4 X >25 25.09 Isl19 P18 17> X >15 15.36 

Alb18 P5 25> X >20 23.39 Alb19 P19 17> X >15 15.07 

Alb18 P6 25> X >20 21.93 Alb19 P20 15> X >12 14.61 

Alb18 P7 25> X >20 20.56 Isl19 P21 15> X >12 14.50 

Alb18 P8 25> X >20 20.38 Alb19 P22 15> X >12 14.13 

Alb18 P9 25> X >20 20.11 Isl19 P23 15> X >12 14.11 

Alb18 P10 20> X >17 18.23 Isl19 P24 15> X >12 13.21 

Alb19 P11 20> X >17 17.93 Isl19 P25 X<12 11.48 

Alb19 P12 20> X >17 17.44 Isl19 P26 X<12 10.53 

Alb18 P13 20> X >17 17.29 Isl19 P27 X<12 9.92 

Alb19 P14 20> X >17 17.18 Isl19 P28 X<12 9.04 

    Isl19 P29 X<12 7.39 
 

2.3 Crop water stress index (CWSI), bulb biomass and bulb diameter 

Ground based thermal images (Fluke Ti300 camera, Fluke Corporation, USA, 7.5-14 

μm, 240x180 pixels, ε=0.96) were taken to remotely asses leaves temperature. The 

procedure described by Jones (1999) was followed to include reference surfaces. Leaf 

references were attached to a cork board, ‘Wet’ reference (Twet) was obtained by spraying 

fresh water on two detached garlic leaves while ‘dry’ reference (Tdry) was obtained by 

coating detached garlic leaves with petroleum jelly. Zenithal thermal images were taken so 

that they covered the whole plant and surface references. Thermal images were taken for 

every plant within each plot at least two or three times throughout the bulbing phase (see 

Lopez-Bellido et al., 2016), until the upper leaves were yellow and dry. Finally, the 

software, SmartView (Fluke Smartview 4.3, Fluke Corporation, Everett, WA, USA), was 

used for the analysis of the thermal images. To reduce the sensitivity of the analysis to 

variation in the leaf angles, average leaf temperatures were calculated by selecting 

representative areas of the sample leaves (Tleaf) and references using the function polygon 
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markers of the software SmartView. Finally, processed data were used to calculate the crop 

water stress index (CWSI) as: 

 

𝐶𝑊𝑆𝐼 = 𝑇𝑙𝑒𝑎𝑓 − 𝑇𝑤𝑒𝑡𝑇𝑑𝑟𝑦 − 𝑇𝑤𝑒𝑡  

 

Bulbs were harvested at the end of the growth cycle, when the three youngest leaves 

were dry. Afterwards bulbs were stored in a ventilated warehouse and weighed until 

constant weight to the nearest mg. At the same time, bulb diameter was measured with a 

caliper. 

2.4 Statistical analysis 

At the end of each growing season, the VWCs data recorded on the dataloggers were 

collected and the integrated VWCs over the whole period for each plot was calculated using 

a macro (‘area below curves’) implemented in SigmaPlot 11.0 (Systat Software Inc., San 

Jose, CA, USA). Then the average VWCs per day was calculated as the ratio between the 

area below the curve of VWCs and the number of days measured on each plot. The 

representative CWSI value used in the models was calculated as the average of CWSI 

measurements for each cultivar within the same plot. Representative bulb biomass used in 

the models was calculated, similarly, as the average bulb biomass of cultivar replicates on 

each plot. Regression linear models were used to test for the fixed effects of the continuous 

predictors VWCs per day and CWSI, and the categorical factor Cultivar on bulb biomass. 

In addition to the main effects of these variables, the interaction term between Cultivar and 

VWCs and/or CWSI were also included. Shapiro–Wilk’s, Breusch-Pagan and Variance 

inflation factor tests were used to test for normality, homogeneity of variances and 

multicollinearity respectively. Bulb biomass was log-transformed to meet the assumptions 

of normality and homoscedasticity. Additional mixed linear regression models were fitted 

to test for the effects of the random factor (Assay). ANOVA analyses were also performed 

to test for the significance of the regression coefficients and to test for differences between 

Assays. Based on the predictions of the best model, estimated marginal means of bulb 
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biomass were plotted across selected levels of the continuous predictors and Tukey test 

comparisons of the slopes among cultivars were computed to identify homogeneous 

groups. All the models and subsequent analyses were performed using R (version 1.2.5019; 

RStudio Team, 2019).  
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3. Results and discussion 

3.1. Models verification and variable reliability as bulb biomass predictors  

 Table 3. Description and variables included on each of the tested models 

  

Alternative models differing in complexity and number of factors were evaluated (see 

Table 3). The simplest models were those with only one of the continuous predictors (Cp) 

included, VWCs or CWSI. Both variables have been previously reported as predictors of 

yield and biomass gain in other crops (e.g. Gençoğlan and Gençoğlan, 2018; Helman et al., 

2019;  Kirnak et al., 2019; Schillinger et al., 2008). The results of this study, confirm that 

bulb biomass of garlic was positively correlated with VWCs while negatively correlated 

with CWSI (Supplementary Table 1), being both Cp significant (Table 4). The lower the 

soil water availability, the lower was the bulb biomass, as displayed in previous studies in 

garlic (Fabeiro Cortés et al., 2003; Sánchez-Virosta et al., 2020; Sánchez-Virosta and 

Sánchez-Gómez, 2019). 

Model 

Models 1: Simple linear models with one continuous predictor 
Model 1VWC: LnBulb (g) = α + β1VWC + ε 
Model 1CWSI:  LnBulb (g) = α + β1CWSI + ε  

Models 2: Multiple linear models with one continuous predictor and the categorical factor Cultivar 

Model 2VWC:  LnBulb (g) = α + β1VWC + βjCultivar + ε 
Model 2CWSI:  LnBulb (g) = α + β1CWSI + βjCultivar + ε  

Models 3: Multiple linear models with one continuous predictor (VWCs or CWSI) and the interaction of 
one predictor with the categorical factor Cultivar 

Model 3VWC:  LnBulb (g) = α + β1VWC + βjCultivar + βiCultivar:VWC + ε 
Model 3CWSI:  LnBulb (g) = α + β1CWSI + βjCultivar + βiCultivar:CWSI + ε   
Models 4: Multiple linear models with two continuous predictors (VWCs and CWSI) and the interaction 
of one predictor with the categorical factor Cultivar 

Model4Cult*VWC:  LnBulb (g) = α + β1VWC + β2CWSI + βjCultivar + βiCultivar:VWC + ε 
Model4Cult*CWSI:  LnBulb (g) = α + β1VWC + β2CWSI + βjCultivar + βjCultivar:CWSI + ε  
Models 5: Multiple linear mixed models with two continuous predictors (VWCs and CWSI) and the 
interaction of one predictor with the factor Cultivar and the random factor Assay 

Model5VWC:  LnBulb (g) = α + β1VWC + β2CWSI + βjCultivar + βiCultivar:VWC + υAssay + ε 
Model5CWSI: LnBulb (g) = α + β1VWC + β2CWSI + βjCultivar + βjCultivar:CWSI + υAssay + ε 
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The categorical factor Cultivar was also significant and improved the goodness of fit and 

the variance explained (see AIC and R2
adj of Models 2 in comparison with Models 1, Table 

4). These results confirm the existence of significant inter-cultivar variability in garlic and 

agrees with the idea that the inclusion of genotypic variability in crop modeling improves 

the prediction of the crop response to environmental conditions (Albert et al., 2011; Ali et 

al., 2017; Pereyra-Irujo et al., 2009). The interaction between Cultivar and each of the Cp 

were further tested in more complex models (Models 3 to 5). The inclusion of the 

interaction terms improved also the goodness of fit and the variance explained by the 

models (Table 4).  Taking into account the interaction between factors is important and 

should not be neglected. For example, when breeding programs take into account these 

interactions, they can lead to significantly higher crop yields (Crespo-Herrera et al., 2017).  

Models 4, which included both continuous predictors and the interaction of Cultivar with 

either of them, improved the AIC and R2
adj, resulting the best models tested. Additional 

linear mixed models including the random factor Assay (Models 5 in Table 3), did not 

improved these models (see Models 5 in Table 4). Despite CWSI is usually highly 

correlated with water availability variables, such as volumetric water content and 

evapotranspiration coefficients (e.g. Colaizzi et al., 2003; Padhi et al., 2009; Taghvaeian et 

al., 2012), in this study none of the models which included both predictors showed 

multicollinearity (variance inflation factor test). Besides, the increased goodness of fit and 

explained variance of the models that included both predictors in comparison with those 

models that included only one of the predictors, suggest that CWSI accounts for a 

significant portion of variability that VWCs cannot explain. Moreover, the Model4Cult*CWSI, 

which also included the interaction of Cultivar with CWSI resulted in the best fit. CWSI is 

tightly related with leaf/stem water potential (e.g. Bellvert et al., 2014; Grant et al., 2016; 

Testi et al., 2008) which has been found to vary among cultivars grown under the same soil 

moisture conditions (Beloni et al., 2018; Bota et al., 2001; Shrestha et al., 2006). Besides, 

CWSI include the effect of other weather conditions besides plant water status (Grant et al., 

2016). In fact, other climatic and biotic factors has been proved to induce changes on CWSI 

values, such as VPD, radiation, wind speed, etc (e.g. Agam et al., 2013; Bellvert et al., 

2014; McCann et al., 1992; Ortiz-Bustos et al., 2017; Sezen et al., 2014).  
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In other horticultural crops, CWSI has been already used for irrigation scheduling 

(Erdem et al., 2010; Kirnak et al., 2019) and as a yield predictor (e.g. Erdem et al., 2010; 

Kirnak et al., 2019; Sezen et al., 2014). However, the determination of irrigation 

requirements is a complex issue that needs further research (Taghvaeian et al., 2012). 

Overall, the great deal of interest showed in the last decade on thermal imaging is mainly 

related with its rapidity of determination, non-invasive nature and robustness. This 

characteristics makes thermal imaging a promising technique for modern crop phenotyping 

(Costa et al., 2019). Under this context and based on the findings of this study, thermal 

indicators, such as CWSI, can be a valuable complementary tool for garlic crop 

management (e.g. soil moisture monitoring, irrigation scheduling, cultivar selection, and 

yield prediction).  

Table 4. Adjusted R squared (R2
adj), Akaike information criterion (AIC) and ANOVA results for the fixed 

variables on each model. +Conditional R squared (R2
C), describes the proportion of variance explained 

by both the fixed and random factors 

  

    ANOVA      
Continuous 

predictor (Cp) R2
adj  AIC β1 βCultivar βCultivar*Cp β2 

VWCs         
Model 1VWC 0.47 176.5 F(1/141)= 126.57*** 

 
  

Model 2VWC 0.62 134.3 F(1/137)= 174.92*** F(4/137)= 14.34***   
Model 3VWC 0.63 132.0 F(1/133)= 182.26*** F(4/133)= 15.02*** F(4/133)= 2.48*  

CWSI             
Model 1CWSI 0.43 185.7 F(1/141)= 109.92*** 

 
   

Model 2CWSI 0.56 153.2 F(1/137)= 141.77*** F(4/137)= 11.21*** 
 

  
Model 3CWSI 0.59 149.4 F(1/133)= 149.42*** F(4/133)= 11.82*** F(4/133)= 2.85*   

VWCs + CWSI             
Model4Cult*VWC 0.68 115.0 F(1/132)= 206.69*** F(4/132)= 17.04*** F(4/132)= 2.48* F(1/132)= 20.16*** 
Model4Cult*CWSI 0.68 112.8 F(1/132)= 209.76*** F(4/132)= 16.11*** F(4/132)= 3.01* F(1/132)= 25.19*** 

VWCs + CWSI 
+ Assay  R2

C
+ 

Model5Cult*VWC 0.68 170.8 F(1/130)= 116.19*** F(4/130)= 16.00*** F(4/130)= 2.51* F(1/130)= 23.25*** 
Model5Cult*CWSI 0.68 141.3 F(1/130)= 142.76*** F(4/130)= 16.19*** F(4/130)= 3.02* F(1/130)= 24.21*** 
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3.2. Inter-cultivar variability analysis on the sensitivity of bulb production to VWCs and 
CWSI gradients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bulb biomass production was cultivar-dependent. In particular, bulb biomass of 

“Gardacho” and “Pedroñeras” were consistently higher than those of the local cultivars 

Cbt0089 and Port07990 along the gradients of both VWCs and CWSI (Fig. 2A and 2B), in 

agreement with the findings of Chapters 5.3. Interestingly, this inter-cultivar variability was 

more pronounced in plots with higher VWCs or lower CWSI, while inter-cultivar 

differences were less pronounced under low water availability levels. The pattern of 

reduced inter-cultivar variability under more limiting conditions has also been observed in 

Figure 2. Scatterplot of final bulb biomass for each cultivar across a gradient of A) soil volumetric 
water content and B) mean crop water stress index.  Red points correspond to the cultivar Cbt00089; 
green points to Chinchón; black points to Gardacho; purple points to Pedroñeras and blue points to 
Port07990. The different size of the points are related to bulb diameter (bulb.d). 

121

Results

Álvaro Sánchez Virosta



other crops such as cotton (Campbell and Jones, 2005) or field pea (Sadras et al., 2013). In 

fact, it has been stated that the interaction between yield and the genetic variance in grain 

crops, tends to decrease as the stress intensity increases (Bänziger and Cooper, 2001 and 

references therein). This agrees with the results observed for garlic in this field study and in 

the pot-based experiments of Chapter 5.3.   

Accordingly, the significant interaction terms of the models that resulted in the best fits 

(models 4) confirmed the existence of this inter-cultivar variability in the response to 

VWCs and CWSI (Table 4, Figure 3; coefficient estimates and further detailed 

interpretation are provided in Supplementary Table 1 and Box 1). Previous studies also 

showed this inter-cultivar sensitivity variation with CWSI in other herbaceous crops such 

as sunflower (Kovár et al., 2016), lentil (Biju et al., 2018) or maize (Zia et al., 2013). In this 

study, the more water-limited the environments, the less inter-cultivar differences on Bulb 

biomass-estimated marginal means (B-EMMs) among cultivars. For example, significant 

differences on B-EMMs were not found among cultivars under VWCs below 15%. In 

contrast, significant differences were found in VWCs above 15% or CWSI below ca. 0.60 

(Figure 3). 

The observed inter-cultivar differences on bulb biomass under higher VWCs levels were 

likely associated with underlying physiological mechanisms related with water 

consumption and growth potential (see Chapter 5.3). This findings agree with other studies 

in wheat (Calderini and Slafer, 1999; Paul et al., 2016) which found that constitutive higher 

yield potential can involve a decrease in absolute yield stability, and inversely, lower 

growth potential can be associated with higher yield stability. Despite not all cultivar-pairs 

comparisons were significant (see table below Figure 3), the models reflected variability in 

the sensitivity to water availability. Local cultivars Port07990, and especially Cbt00089, 

showed the lowest slopes, in agreement with the findings of Chapter 5.3. This suggests that 

these local cultivars might have physiological mechanisms that provide homeostasis along 

a wide range of environmental conditions, yet lower growth and yield potential. Such 

functional performance could be beneficial under more severe drought conditions (Lopes et 

al., 2011). In contrast, “Gardacho” and “Pedroñeras”, showed steeper slopes and higher 

yield potential (Figure 3). This is in agreement with the results of Chapter 5.3, where 
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greater yield potential was coupled with increased capacity for water and resources uptake. 

However, this increased capacity for resource acquisition is sometimes associated with an 

increased frequency of stress experiences (Lopes et al., 2011) and lower stress resilience 

(Picasso et al., 2019).  
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Figure 3. Bulb biomass-estimated marginal means (B-EMMs) for each cultivar of: A) Model4Cult*VWC 

across selected levels of VWCs; and B) Model4Cult*CWSI across selected levels of CWSI. Vertical bars are 

confidence intervals (± 95%) of the B-EMMs on each cultivar and selected level of VWCs or CWSI 

respectively. The table below the figure are the slope means ± standard error of each Cultivar in the 

corresponding model. Letter codes indicate homogeneous groups at P < 0.05 (Tukey test) within the 

same model.  ++Slope confidence intervals (±95%) not significantly different from 0 

Model Cultivar     
 Cbt00089 “Chinchón” “Gardacho” “Pedroñeras”  Port07990 
Model4Cult*VWC 0.03 ± 0.01a++ 0.07 ± 0.01ab 0.06 ± 0.01ab 0.07 ± 0.01b 0.04 ± 0.01ab 

Model4Cult*CWSI -0.19 ± 0.43a++ -1.85 ± 0.41b -1.43 ± 0.44ab -1.65 ± 0.50ab -0.87 ± 0.46ab 

B) 

A) 
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3.3. Climatic conditions and bulb biomass production across experimental assays  

 

Figure 4. Scatterplot of final bulb biomass at each Assay along a gradient of soil volumetric water 
content. Blue points correspond to Isl19; green points to Alb19 and red points to Alb18. The different size 
of the points are related to bulb diameter (bulb.d). 

 

Other climatic conditions besides water availability varied across the different assays and 

were especially contrasted between years (Figure 1). 2019 was one of the years of the last 

decades with higher temperatures in the Mediterranean region, which negatively affected 

summer crop yields (European Commission – DG JRC, 2019). Accordingly, in this study, 
the most limiting conditions occurred in 2019. In contrast, wetter than usual conditions in 

the study area in 2018 were also reflected in higher than the average yields (  European

 Commission  –  DG  JRC, 2018). All this environmental variability could also influence the 

final bulb biomass and diameter. 

 

Bulb biomass showed great variability and dispersion within the same levels of VWCs, 

especially at Alb18, where the most favourable conditions occurred. However, this could be 

explained, as previously mentioned, by the highest inter-cultivar differences of garlic 

performance under more favourable conditions. Nonetheless, other environment factors 
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different from soil water availability and inter-cultivar genetic variability can also affect 

garlic bulb biomass gain and growth (Campoy et al., 2019; Hsiao et al., 2019; Tchórzewska 

et al., 2017). For example, above-optimal temperatures (>25 ºC), as those occurred in 2019, 

have been proved to impair photosynthesis and bulb biomass in garlic (Kim et al., 2013). In 

fact, when different assays were compared at a similar soil moisture, bulb biomass 

differences between assays were still noticeable (Figure 2). Significant differences were 

found between Alb18 and Alb19 within the 20% > VWCs > 17% target (F(1/14) = 17.3, p = 

0.000) and between Alb19 with Isl19 within the 17% > VWCs > 15% target (F(1/14) = 9.6, p = 

0.008). These results indicate that other uncontrolled environmental factors different from 

VWCs and CWSI that differed among assays had also an impact on bulb biomass gain.  

Despite, the potential effect of uncontrolled factors, the models explained a large 

proportion of the variation of the data (68%), identifying VWCs, CWSI and cultivar as the 

main determinants of bulb biomass in garlic. This study serves as a basis for future 

improved models that account for inter-cultivar variation in the response patterns of 

biomass gain to environmental factors. It also contributes to a better understanding of yield 

stability of the crop under different environmental conditions, and to evaluate its adaptive 

potential to more limiting water scenarios (De Vita et al., 2010; Lafitte and Courtois, 2002; 

Pennypacker and Risius, 1999; Subira et al., 2015).  

 

Conclusions 

Garlic bulb biomass was negatively affected by water availability. The variables VWCs, 

CWSI and Cultivar were the main determinants of bulb biomass. The inclusion of CWSI 

significantly improved the models and the variance explained. Thus, we consider that 

monitoring canopy temperature of the crop can be a valuable complement to soil water 

content monitoring for irrigation and crop management in garlic. In addition, the existence 

of inter-cultivar variability of garlic sensitivity to water availability is confirmed in this 

study. In general, the more water-limited the environments, the smaller inter-cultivar 

differences on bulb biomass production. In contrast, under favourable environments, 

greater differences among cultivars were found. However, the most productive cultivars 

under non-limiting environments, were also the ones that displayed the steepest models’ 
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slopes and, henceforth, the highest sensitivity to water availability. Overall, this study 

suggests that the use of thermal imaging methodologies, and in particular, specific thermal 

indices such as CWSI, can become valuable tools for practical applications on garlic 

farming and cultivar selection. 
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Box 1. Interpretation of the regression coefficients: 

Since the categorical factor Cultivar has five levels (Cbt0089, CHI, GAR, PED and Port07990) and we 

measured the soil volumetric water content (VWCs) and/or crop water stress index (CWSI) as continuous variables 

we would like to see the effects of these continuous predictors and their interactions with cultivar on the final bulb 

biomass.  

For all but one of the cultivars, a new variable was automatically created by R (for example βCHI) which has a 

value of one for each observation at that level (Cultivar “Chinchón”) and zero for all others.  The level of the 

categorical variable that is coded as zero in all of the new variables is the reference level, or the level which the 

rest of levels are compared to, in our case the reference level is Cultivar Cbt00089.   

For example, in the Model3VWC, the coefficients results (see Table X) should be interpreted as follow:   

 α: Final bulb biomass for cultivar Cbt00089 with a VWCs = 0. 

 β1: Increase in one unit of VWCs rise final bulb biomass by 0.050 for the reference cultivar Cbt00089 

 βCHI: for Cultivar “Chinchón” and a VWCs = 0, the final bulb biomass of “Chinchón” would -0.804 

compared to Cbt00089 at the same conditions. 

 βCHI* Cp: the effect of the rise in one unit of the Cp VWCs on final bulb biomass is 0.048 higher for 

“Chinchón” compared to increase of final bulb biomass of Cbt00089. In other words the slope 

between VWCs and final bulb biomass is 0.050 + 0.048 for “Chinchón”. 
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Supplementary Table 1. Estimate of the regression coefficients for the intercept (α), the continuous predictors VWCs and/or CWSI and the categorical factor Cultivar. In those 
models in which the factor Cultivar was included, Cbt00089 was set as the reference group for the initial model output. Subgroups within Cultivar are significantly different from 
Cbt00089 at:  #P<0.1, *P<0.05, **P<0.01, ***P<0.001 level, ns= Non-significant. See box1 for more information on the interpretation of the coefficients 

  Coefficient                       
Continuous 
predictor (Cp) 

R2
adj / 

R2
C AIC α β1 βChi βGar βPed βRain βChi*Cp βGar*Cp βPed*Cp βRain*Cp β2 

VWCs                           
Model 1VWC 0.47 176.5 1.696*** 0.082***                   
Model 2VWC 0.62 134.3 1.449*** 0.082*** 0.019ns 0.583*** 0.466*** 0.146ns           
Model 3VWC 0.63 132.0 1.996*** 0.050*** -0.804* -0.100ns -0.389ns -0.223ns 0.048* 0.040* 0.050** 0.021ns   

CWSI                           
Model 1CWSI 0.43 185.7 4.270*** -2.459***                   
Model 2CWSI 0.56 153.2 4.001*** -2.424*** 0.111ns 0.539*** 0.503*** 0.100ns           
Model 3CWSI 0.59 149.4 3.463*** -1.293** 0.942** 1.185*** 1.389*** 0.465ns -1.711** -1.368* -1.841** -0.763ns   

VWCs + CWSI                           
Model4Cult*VWC 0.68 115.0 2.947*** 0.026# -0.653* -0.076ns -0.353ns -0.198ns 0.041* 0.037* 0.049** 0.019ns -1.138*** 
Model4Cult*CWSI 0.68 112.8 2.030*** 0.053*** 0.873** 1.147*** 1.188*** -0.454ns -1.665** -1.241* -1.465* -0.683ns -0.188ns 

VWCs + CWSI + Random factor "Assay"                     
Model5Cult*VWC 0.68 170.8 2.975*** 0.024# -0.658* -0.077ns -0.354ns -0.194ns 0.042* 0.037* 0.049** 0.019ns -1.116*** 
Model5Cult*CWSI 0.68 141.3 2.049*** 0.052*** 0.870** 1.190*** 1.188*** -0.450ns -1.659** -1.245* -1.470* -0.675ns -0.179ns 
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6. GENERAL DISCUSSION 

I summarize here the main findings of the thesis and interpret its significance in the light 

of what is already known from previous studies. I also discuss new insights that this 

research provides to contribute to the body of knowledge on the topic of the thesis. 

6.1 Functional and biomass traits sensitivity to water availability across 
cultivars  
Many of the functional traits studied showed significant differences across cultivars. 

However, the sensitivity to water availability differed among traits. In this section, I discuss 

to what extent the functional and biomass traits evaluated were sensitive to water 

availability and their variability across cultivars. 

6.1.1 Chlorophyll fluorescence traits, leaf dry matter content (LDMC), relative water 

content (RWC), stomatal pore area index (SPI) and specific leaf area (SLA)  

The results for chlorophyll fluorescence traits suggest that, in general, higher levels of 

water deficit or more prolonged droughts than those applied in this thesis are needed to 

trigger photochemical limitations (Flexas and Medrano, 2002). Leaf functional traits such 

as LDMC, RWC, SPI and SLA differed, in general, more among cultivars than among 

water availability levels. For example, in Chapter 5.2, LDMC and RWC did not show 

statistical differences among water treatments. However, “Pedroñeras” and Violet Spring 

showed significantly lower RWC values than the rest of cultivars, especially in comparison 

with “Chinchón”. Besides, “Chinchón” also showed the highest LDMC, the lowest SPI 

(Chapter 5.2) and low SLA in both Chapters 5.2 and 5.3. Traits such as LDMC and SLA, 

have been proposed as indicators of plant resource-use (Li et al., 2005; Vilela and 

González-Paleo, 2015) while RWC and stomatal anatomy (i.e. SPI) are tightly associated 

with transpiration rates and dehydration tolerance (Blum, 2005; Carvalho et al., 2015). 

Hence, inter-cultivar variation found on these traits could reflect different adaptations and 

plant strategies to cope with drought (Carlson et al., 2016; Obidiegwu et al., 2015; Wilson 

et al., 1999). Inter-cultivar strategies on drought resistance is covered in more detail in 

section 6.3. 
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6.1.2 Stomatal conductance (gs), crop water stress index (CWSI), net assimilation rate 
(An) and intrinsic water use efficiency (WUEi) 

This research supports that the leaf water balance of garlic (evaluated in terms of gs and 

CWSI) is very sensitive to water limitation, even at early stages of water deficit. One of the 

consequences of the rapid response of gs to water limitation was the increase of WUEi with 

a minor penalty on An (Chapter 5.1). Only under severe droughts An can be seriously 

impacted due to non-stomatal limitations (Flexas and Medrano, 2002) . Interestingly, the 

patterns of variation of both gs and CWSI in response to water availability differed among 

cultivars. The high gs rates of “Pedroñeras” or “Gardacho” under favourable conditions 

contrasted with the constitutive low stomatal conductance displayed by specific cultivars 

(e.g. Cbt02710) across water availability levels. Steeper declines of gs under water deficit 

were found in those cultivars that had the highest constitutive gs values, such as 

“Gardacho” and “Pedroñeras”. On the other hand, Cbt02710 displayed more stable gs 

across water availability levels. This agrees with the recently hypothesized stomatal safety-

efficiency trade-off, in which those species with higher gs under high water availability 

show higher sensitivity to stomatal closure during leaf dehydration (Henry et al., 2019). 

Such variability on stomatal sensitivity among cultivars have previously been reported in 

other crops (e.g. Kang et al., 2011; Srinivasa Rao et al., 2000) which can be  associated 

with variability in chemical signalling, such as abscisic acid concentration (Beis and 

Patakas, 2010) according to different functional strategies to withstand drought (see section 

6.3). These contrasted responses in gs were reflected on the final bulb biomass and yield, 

which are further discussed in the next section. 

   

6.1.3 Total leaf area (TLA), bulb and root biomass and bulb allocation traits (BIG and 

BLA) 

Total leaf area (TLA) and bulb and root biomass were, in general, negatively affected by 

water deficit, as previously reported in garlic (Fabeiro Cortés et al., 2003). Besides, 

significant differences found among cultivars indicate a genetic source of variation on 

biomass and growth traits (Jahn et al., 2011; Kulkarni and Phalke, 2009). The interactions 

found between cultivar and water availability for these traits and bulb allocation (e.g. BIG 

and BLA), suggest that the impact of water deficit is cultivar-dependent on garlic’s biomass 
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gain and yield, as found in other crops (e.g. Edwards et al., 2016). Specifically, it was 

found that the most productive and large-sized cultivars (i.e. high TLA, high root and bulb 

biomass) under non-limiting conditions were also the ones that most reduced these traits 

under water deficit. This effect was especially remarkable for “Gardacho”, “Pedroñeras” 

and for spring cultivars, when the latter were subjected to water deficit for long enough, 

(see Annex III). Nonetheless, constitutive productive and large-sized cultivars resulted in 

higher values of biomass traits across a wide range of water availability levels as compared 

with local cultivars such as Cbt00089, Cbt02710 or Port 07990, which showed lower 

biomass gain, yet more stable biomass performance across water availability levels 

(Chapters 5.3 and 5.4). The high sensitivity to water availability of the most productive 

cultivars conforms with the previously reported trade-off between stress tolerance and 

growth potential (Alpert, 2006; Tardieu, 2005) and agrees with other studies where 

breeding for increased yield potential in barley (Sinebo, 2005) and wheat (Calderini and 

Slafer, 1999) was coupled with low yield stability across environments.  

6.2 Thermography as a rapid and reliable tool to evaluate functional 
performance and bulb production in garlic 
The functional traits studied appeared to be reliable indicators of garlic sensitivity to 

water deficit. However, the determination of some functional traits are not equally cost-

effective and feasible than others to address plants’ sensitivity to water availability (Costa 

et al., 2019). For example, stomatal closure was a rapid garlic’s response to water deficit, 

which is a general plant response pattern (Chaves et al., 2002). This fact makes gs and other 

correlated traits such as CWSI, good early indicators of water stress and plant performance. 

Despite thermography is recognized as a fast, automatic and efficient method to determine 

stomatal closure by water deficit (Casari et al., 2019; Costa et al., 2019, 2013; Grant et al., 

2016; Munns et al., 2010), as far as I am aware it has never been used in garlic. Here, it has 

been demonstrated that CWSI is highly correlated with gs of garlic (Annex IV). It allowed 

the detection of inter-cultivar variation in the functional response to water availability and 

prediction of final bulb biomass (see Chapters 5.3 and 5.4). Together with improvements in 

automation of data collection and analysis, thermography is recognized as a non-invasive 

and rapid tool for high-throughput phenotyping and screening of plant stresses (Prashar and 

Jones, 2014 and references therein). For example, it has been found to be a good indicator 
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of final tuber yield in large field trials in potato (Prashar et al., 2013) and has been 

successfully used for irrigation management and scheduling in different crops (Ishimwe et 

al., 2014; Jones, 2004, 1999a and references therein). Besides airborne-based thermography 

has been proved as a reliable and cost-effective method for wheat breeding programs 

(Deery et al., 2016).  

The findings of this thesis open new avenues to develop optimized protocols for the use 

of thermography in breeding and crop management of garlic. 

 

6.3 Inter-cultivar variation of functional traits and drought resistance 
strategies 
6.3.1 Drought escape 

In Mediterranean climates, early maturing cultivars usually complete the growth cycle 

before summer, scaping the more arid conditions of this season. This has been reported in 

different crops such as sunflower (Gimeno et al., 1989), lentil (Silimf and Erskine, 1993) or 

wheat (Shavrukov et al., 2017). In Chapter 5.2, Violet Spring and White Spring cultivars 

reached maturity earlier than the rest of cultivars. Therefore, they did not experienced water 

deficit at the vegetative stage and were submitted to mild water deficit at the bulbing stage 

because they were near the end of the growth cycle when the peak of water deficit was 

reached. These cultivars displayed constitutive faster maturity, elevated gs rates and high 

SLA. These water spending traits (Flexas and Medrano, 2003) are related to maximization 

of water capture and other resources in order to accelerate growth, and define a drought 

escape strategy (Blum, 2009; Shahzad et al., 2019). However, it cannot be concluded that 

early maturing cultivars are less sensitive to water deficit than late maturing cultivars. The 

negative effect of early-season droughts on functional performance and yield has 

previously been reported in wheat early-maturing cultivars (El Hafid et al., 1998a, 1998b; 

Figueroa-Bustos et al., 2019). In fact, the opportunistic use of water and fast growth of 

early maturing cultivars is associated with inherent lower water use efficiencies (Nicotra 

and Davidson, 2010; Polania et al., 2016). Indeed, when water deficit was more precisely 

controlled in pot-experiments and effectively applied earlier, reduced gs and impaired bulb 

and root biomass was found (Annex III). This impact was even higher in early maturing 

141

General Discussion

Álvaro Sánchez Virosta



cultivars than in “Gardacho” and “Pedroñeras” in terms of relative biomass loss between 

water treatments. This fact suggests that bulb production of early maturing garlic cultivars 

could be substantially impacted by early-season droughts. 

 

6.3.2 Drought avoidance and dehydration tolerance 

Dehydration tolerance is rare in crop plants, since cultivar selection for drought prone 

areas has given preference to dehydration avoidance over dehydration tolerance (Blum, 

2005). However, drought tolerance traits can complement drought avoidance mechanisms 

and allow maintenance of growth under water limited conditions (Valladares et al., 2004). 

In fact, Blum (2005) states that drought tolerance ‘is sometimes seen as the second defence 

line after dehydration avoidance’. 

Both strategies were found in the studied cultivars. Traits associated with a water 

spending strategy (e.g. high TLA, SLA and elevated gs rates) are related to higher water use 

and were found in the most productive and widely spread cultivars such as “Gardacho”, 

Violet Spring and “Pedroñeras”. This suite of traits is common in modern cultivars and 

grants higher yields in a wide range of water availability levels, but at the cost of lower 

water use efficiency (Nakhforoosh et al., 2016; Rizza et al., 2012). In contrast, water saving 

traits were generally found in traditional and local cultivars such as “Chinchón” and 

Cbt02710. Explicitly, “Chinchón”, had constitutive thicker leaves (lower SLA) and lower 

transpiration surface (low TLA) than other cultivars. These traits allow for increased ratio 

of photosynthetic mesophyll to transpiring leaf area (Knight et al., 2006). Moreover, the 

high RWC along with low gs showed by “Chinchón” (Chapter 5.2) reflects how this 

cultivar was able to avoid tissue dehydration under water deficit and maintain leaf turgor 

(Blum, 2005; Lacape et al., 1998; Nunes et al., 2008). Besides, constitutive low TLA, high 

CWSI (low gs) and reduced growth of Cbt02710 can also be associated with drought 

tolerance (Chatterjee and Solankey, 2015). Therefore, the suite of traits exhibited by 

Cbt02710 and “Chinchón” supports the idea that both cultivars have evolved specific traits 

that confer drought tolerance (Cattivelli et al., 2008). However, it should be noted that other 

traits which have not been evaluated, such as dehydration resistance of the xylem and other 

plant tissues, osmotic adjustment, small cell size, antioxidant systems or photosynthetic 
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pigments can be associated with drought tolerance (Valladares et al., 2004). The interplay 

of these alternative traits with those studied here and their relevance in garlic functional 

response to water deficit need further research.   

6.4 Impact of water availability at different phenological stages. How to 
manage deficit irrigation on garlic? 
6.4.1 Garlic sensitivity to water availability across phenological stages 

The findings of this research confirm previous reports that suggest that bulb formation is 

the most sensitive stage to water availability in garlic (Domínguez et al., 2013; Fabeiro 

Cortés et al., 2003).  

At the beginning of the growth cycle the co-occurrence of low temperatures, low 

radiation and the small plant size leads to low evapotranspiration, so this low water needs 

can be supplied by precipitations (Tchórzewska et al., 2017). As found in Chapter 5.1, 

garlic water needs were null or very low at establishment. Afterwards, water demand rises 

progressively as a result of progressive increase of leaf area index and more demanding 

climatic conditions (Domínguez et al., 2013; Villalobos et al., 2004). It was found that gs 

was lower and WUEi higher at crop development than at bulbification. At bulbification, 

“Pedroñeras” had the highest gs rates but also the highest gs variation among the most 

contrasted watering treatments. At bulbification, optimal weather conditions for garlic 

photosynthetic capacity and plants’ maximum light interception capacity (i.e. maximum 

LAI, Chapter 5.1) co-occurred. At this stage, garlic plants shift carbon allocation from 

leaves to bulb and scape (Hsiao et al., 2019; Rizzalli et al., 2002). All these circumstances 

could explain why the sensitivity of gs to water deficit was highest at this stage. Finally, 

high temperatures trigger an accelerated leaf senescence (Chaves et al., 2016) at ripening, 

and water requirements diminish as LAI declines (Villalobos et al., 2004), as found in 

Chapter 5.1. 

 In general, the increased sensitivity of gs at the bulbing stage was a common pattern for 

all the studied cultivars (Chapter 5.3). However, the magnitude of this sensitivity differed 

among cultivars and was associated to their growth patterns. Constitutive low growth and 

reduced leaf area of “Chinchón” and Cbt02710 can be associated to drought resistance 

(Blum, 2005; Cattivelli et al., 2008) attenuating the impact of water deficit under higher 
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demanding conditions that occur at the bulbing stage. In fact, CWSI of “Chinchón” was 

significantly reduced at the bulbing stage when this cultivar was well-watered after being 

subjected to water deficit at vegetative stage, denoting non-chronic damages at previous 

stages and physiological recovery at this last stage. On the other hand, a water-spender type 

such as “Gardacho”, maintained similar CWSI across water availability levels at pre-

bulbing stage and the highest growth potential, yet this was accompanied by the highest 

variability in biomass traits among water treatments at the end of the crop cycle (Chapter 

5.3).  

Overall, the results of this thesis (Chapter 5.1 and 5.3) confirm that the impact of water 

deficit on bulb biomass production is more negative at the bulbing than at the pre-bulbing 

stage. 

 

6.4.2 Deficit irrigation management on garlic 

Increased water requirements are expected for the summer months of the Mediterranean 

region in the future (Rodríguez-Díaz and Topcu, 2010). In this sense, one important 

conclusion extracted from the findings of the thesis, is that under water limitation, it is 

possible and advisable to save water at early stages and use it at bulb formation. As found 

in this thesis, ORDI accounted for the different phenological stages and optimized the 

supply of available water (Chapter 5.1). Deficit irrigation patterns before the bulbing stage 

regulated by ORDI, did not produce chronic damages and enabled complete functional 

recovery when water was supplied later at the bulbing stage. Despite water deficit at early 

stages may impair final yield, ORDI was able to reduce physiological damages at 

bulbification, diminishing potential yield penalties. This was achieved through reversible 

physiological adjustments and improved water use efficiency, as found in other crops (Chai 

et al., 2016 and references therein). These findings indicate that ORDI can be a good 

management methodology to increase water productivity in garlic farms. Nonetheless, 

irrigation efficiency depends on multiple rather than on single environmental factors (Tolk 

et al., 1995; Zhao et al., 2012). Therefore, future studies should account for this variability 

on the sensitivity across phenological stages and consider other environmental conditions 

besides water availability to improve irrigation efficiency and scheduling in garlic.  
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6.5 Garlic phenotypic plasticity across water availability levels and 
inter-cultivar variability 
In general, morpho-functional and biomass traits studied in this thesis showed 

phenotypic plasticity in response to soil water availability. However, the magnitude of 

plasticity differed among cultivars. In general, local cultivars such as Cbt02710 and 

Port07990 displayed lower plasticity and a more canalized phenotype than “Gardacho” and 

“Pedroñeras”. These latter cultivars showed notable higher biomass traits in the more 

favourable environments which can be explained by their higher below ground resource-

acquisition capacity and light interception (e.g. larger roots, high TLA and high SLA) 

together with higher efficiency on bulb allocation traits (higher BIG and BLA).  

The higher the water deficit, the lower the biomass traits differences among cultivars. 

Thus, the high plasticity of “Gardacho” and “Pedroñeras” for the studied biomass traits 

denoted higher sensitivity to water availability. This increased sensitivity to water 

availability can be risky under more severe stressful environments (Tardieu et al., 2014). In 

fact, Ghalambor et al (2007) states that a canalized response (i.e. absence or low phenotypic 

plasticity) that allows the expression of the same phenotype regardless of the environmental 

conditions, can be the best strategy for adaptation to stressful environments. Moreover, the 

large reduction of bulb biomass exhibited by “Gardacho” and “Pedroñeras” under water 

deficit might reflect other unexplored functional limitations that may affect their post-

harvest quality. However, to confirm this last hypothesis, further research is needed. 

 

6.6 Impact of other environmental factors on bulb production and 
physiology  
Apart from water availability, other environmental factors can influence cultivars’ 

adaptation capacity (Annicchiarico et al., 2006; Bustos-Korts et al., 2019; Studnicki et al., 

2016). In this thesis, other environmental stressors such as high thermal amplitude, VPD 

(see Annex VI) or radiation could have affected physiological performance and bulb 

production. For example, bulb yield and gs of “Pedroñeras” in 2017 were significantly 

lower than those of previous years (see Chapter 5.1). This decline was probably associated 
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to a great extent to the heat wave of the summer of 2017 (Kew et al., 2019; Sánchez-

Benítez al., 2018). Besides, “Gardacho” displayed a similar response pattern when the 

results of 2017 were compared with those of 2018 (Chapter 5.3). Moreover, extraordinarily 

limiting environmental conditions of 2019 (AEMET 2019, https://bit.ly/2tvM0X9 and 
https://bit.ly/2McJVFZ) with droughts, heat waves and high thermal amplitudes during 

bulb formation, were probably involved in the general decrease in bulb production of this 

year as compared with that of 2018 (Chapter 5.4). However, this effect was less 

pronounced in the local cultivars Port07990 and Cbt00089. Based on these observations, 

the effect of additional environmental conditions and their interaction with water 

availability and cultivar should be further explored in future garlic research in terms of 

physiological performance and bulb production. 

 

6.7 Limitations and future prospects 
The results of this thesis provide new insight on the physiological basis of garlic 

cultivars and their bulb production responses to water availability. Significant inter-cultivar 

variability in functional traits and production potential in response to water availability was 

revealed. The patterns of inter-cultivar variation conformed to different functional plant 

strategies to cope with drought. These findings provide novel insight into key morpho-

physiological mechanisms of garlic’s response to water availability that can be valuable for 

future selection and breeding programs in this crop. Moreover, the variability patterns 

observed across phenological stages provide a mechanistic support to optimize future 

irrigation management of garlic.  

However, direct extrapolation of these results to farm conditions should be done with 

caution because the ecophysiological approach of the experiments did not exactly mimic 

the actual agronomic conditions. Additional large field-based experiments under agronomic 

conditions are intended to be carried out in the future to test the generality of the findings 

and validate them in real farming scenarios. Collaborations with other research groups of 

Dr. Soledad Sanz from Autonomous University of Madrid (UAM), Dr. Almudena Lázaro 

from Research and Rural Development, Agricultural and Food Institute of Madrid 

(IMIDRA) and Dr. Gloria Nombela from “Consejo Superior de Investigaciones 
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Científicas” have been initiated to address complementary questions related with the effect 

of water availability on post-harvest quality and its impact on garlic’s susceptibility to pests 

and diseases Finally, inheritable epigenetic mechanism might exist in garlic. Cultivars are 

beginning to be maintained under different water regimes for several consecutive years to 

design future experiments on the potential role of epigenetics on inter-cultivar functional 

variation of garlic.  
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7. GENERAL CONCLUSIONS 

This section lists the main conclusions in relation to the specific objectives established in 

Chapter III. 

In relation to objective 1: to evaluate the sensitivity of functional traits in response to 

water availability across cultivars and identify candidate traits that can be used as 

sensitive early indicators of garlic water deficit and plant performance. 

 The studied cultivars displayed constitutive functional variability showing different 

sensitivity to water availability. In general, early responses to water deficit were 

evidenced in stomatal conductance (gs). In this regard, the good correlation found 

between gs and the thermographic index CWSI suggests that CWSI can be used as a fast, 

low-cost effective and reliable early indicator of garlic water deficit. 

 The correlation patterns found between functional traits and biomass gain suggest 

that gs and methods of its indirect measurement such as CWSI are good predictors of 

plant performance and final bulb production in garlic. 

 

In relation to objective 2: to describe functional strategies for drought resistance and 

unravel their main underlying traits. 

 The patterns of variation in functional traits of the studied cultivars conformed to 

different drought resistance strategies. A drought-escape strategy was found in early 

maturing cultivars (e.g. Violet Spring and White Spring). Widespread cultivars such as 

“Gardacho” and “Pedroñeras” displayed a drought avoidance strategy through water-

spending traits (maximisation of water consumption), while local and traditional 

cultivars from drought-prone areas, such as Cbt02710, Cbt00089 or “Chinchón”, showed 

a drought avoidance strategy through water-saving traits. 

 Traits that allow for maximization of resource-use, specifically, high stomatal 

conductance,large leaf area and root biomass were found in the drought-escape 
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strategies adopted by Violet Spring and White Spring and in those that exhibited a 

water-spender strategy, (i.e. “Gardacho” and “Pedroñeras”) . 

 The cultivars that exhibited the water-saving strategy (e.g. Cbt02710, Cbt00089 and 

“Chinchón”), minimized water losses by having constitutive low maximum stomatal 

conductance, low leaf area and reduced growth. 

In relation to objective 3: to provide a mechanistic basis to understand the impact of 

water deficit at different crop stages and its consequences on functional performance and 

bulb production. 

 The most sensitive stage to water availability for the studied cultivars was the 

bulbing stage, in which garlic cultivars reached their higher transpiration rates due to 

both internal (i.e. shifts in biomass allocation patterns and higher leaf area index) and 

external factors (i.e. optimum weather conditions for gas exchange). 

 It is possible to optimize water supply in garlic farming by a deficit irrigation 

methodology (i.e ORDI) that prioritizes irrigation at bulbing stage avoiding chronic 

physiological damages at previous stages. 

In relation to objective 4: to assess inter-cultivar phenotypic plasticity and bulb 

production response to different environmental conditions . 

 Phenotypic plasticity of the studied traits differed among cultivars. The more 

common and widespread cultivars such as “Gardacho” and “Pedroñeras” were the most 

plastic while locally restricted cultivars displayed more canalized phenotypes (i.e. low 

phenotypic plasticity).  

 The high plasticity of “Gardacho” and “Pedroñeras” was reflected in remarkable 

higher bulb biomass than local cultivars under favourable environments. However, water 

deficit and other environmental stressors (e.g. heat waves, high VPD) led to significant 

declines in bulb production. As a consequence, these plastic cultivars had similar 

performance to that of local cultivars under the most stressful environments. 
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Efectos del cambio climático en el cultivo del ajo
David Sánchez Gómez y Álvaro Sánchez Virosta
1Instituto Regional de Investigació n y Desarrollo Agroalimentario y Forestal de Castilla-La Mancha 
(IRIAF), Centro de Investigació n Agroforestal de Albaladejito (CIAF), Carretera Toledo-Cuenca,  
km 174, 16194, Cuenca.

Introducció n
El ajo (Allium sativum L.) es una especie hortícola que tiene una gran importancia social y cultural en 
nuestro país. Se trata de un condimento básico en la cocina tradicional española y de un alimento funcio-
nal que se viene usando desde antiguo por sus propiedades beneficiosas para la salud, ya que es rico en 
compuestos azufrados y presenta una elevada capacidad antioxidante. Además, recientemente, sus pro-
piedades como alimento funcional están dando origen a nuevos productos de creciente demanda como 
es el caso del ajo negro. Según la US National Library of Medicine los trabajos de investigación biomédica 
sobre el ajo se han incrementado más de un 1000% en los últimos 30 años. España es el tercer país eu-
ropeo productor de ajo y dentro de España, Castilla-La Mancha es la principal región productora (15.836 
ha de superficie de cultivo y 112.343 t de producción en 2016, datos del MAPAMA) concentrando más 
de la mitad de la producción nacional de ajo. El cultivo del ajo por tanto, juega un papel vertebrador de la 
vida rural en Castilla-La Mancha, representando el motor de la economía en muchos municipios de las dos 
provincias ajeras por excelencia (Cuenca y Albacete). Como consecuencia del cambio climático, se espera 
una alteración en el régimen de lluvias que unido al aumento creciente de las temperaturas, hará que au-
mente la aridez en la región. Esto puede tener consecuencias negativas en los rendimientos de los cultivos 
en general, y del ajo en particular, suponiendo una amenaza potencial para la economía de Castilla-La 
Mancha. El impacto del cambio climático se ha estudiado profusamente en cultivos como los cereales, 
las leguminosas, el girasol, la vid o el olivo. Sin embargo, la información disponible respecto al cultivo del 
ajo es ciertamente escasa. En el IRIAF se ha iniciado una nueva línea de investigación sobre ecofisiología 
del estrés en cultivos de interés regional que está empezando a evaluar el impacto potencial del cambio 
climático en la fisiología y rendimientos del ajo así como la capacidad de respuesta y adaptación de este 
cultivo a los escenarios climáticos previstos.

Efectos Constatados
Existen tres factores ambientales fundamentales que pueden afectar al desarrollo vegetativo del ajo y 
por tanto sus rendimientos productivos. Estos son la disponibilidad hídrica, la temperatura y la concen-
tración atmosférica de CO2. En relación con la disponibilidad hídrica, un estudio reciente llevado a cabo 
en el IRIAF muestra que el déficit hídrico (nivele del 15% en contenido volumétrico de agua del suelo, 
mantenido desde el inicio de la bulbificación hasta la cosecha) produce reducciones en la producción y 
rendimientos de ajo. Sin embargo, hay que destacar que el impacto del déficit hídrico dependió de la 
variedad. En primer lugar las variedades tempranas o de ciclo corto (“spring”) se vieron menos afec-
tadas, probablemente por adelantar su ciclo de crecimiento, anticipándose al momento en el que el 
déficit hídrico es más acusado (finales de primavera-verano). 

En segundo lugar, dentro de las variedades tardías o de ciclo largo, se observó que las variedades tradicio-
nales, y en particular, el ajo fino de Chinchón tuvo un menor impacto por déficit hídrico que otras varieda-
des comerciales como el ajo blanco “Gardacho” (Gráfico 1). Por otra parte, el déficit hídrico podría tener 
un efecto positivo respecto al impacto de determinadas plagas y enfermedades. En este mismo estudio 
se pudo constatar que la afección por el hongo Penicilium sp se atenúa en condiciones de sequía en las 
variedades de ciclo largo (Tabla 1). 
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Además se observó que la sensibilidad del ajo a Penicilium sp no sólo dependió de la disponibilidad de agua 
en el suelo sino también de la variedad. Por ejemplo la variedad “Violeta Spring” fue muy poco sensible a 
la enfermedad mientras que “Spring Blanco” fue muy sensible bajo las mismas condiciones experimentales. 
Aunque la reducción de la disponibilidad de agua en el suelo puede afectar a la producción y rendimientos 
de ajo, en Castilla-La Mancha y en España en general, se ha producido en este cultivo una transición pro-
gresiva del secano al regadío en los últimos 30 años. Estoha permitido asegurar una buena disponibilidad de 
agua en el cultivo independientemente de las condiciones ambientales y por tanto evitar el déficit hídrico. 
Esta transición se ha traducido en un aumento paralelo de los rendimientos del ajo en la región (Grafico 
2A). Sin embargo, investigaciones recientes por parte del Centro Regional de Estudios del Agua (CREA) y 
la Universidad de Castilla-La Mancha (UCLM) indican que en general se está regando por encima de las 
necesidades hídricas del cultivo. Existiría margen para reducir los aportes de agua de riego en 650 m3/ha, 
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Gráfico 1.: Producción total de bulbo (suma de pesos de los bulbos producidos) para cada disponibilidad 
hídrica en las diferentes variedades estudiadas y porcentaje de pérdidas en la producción de bulbo en las 
parcelas sometidas a déficit hídrico respecto de aquellas sin limitación hídrica. Elaboración propia a partir de 
datos experimentales llevados a cabo en el Centro de Investigación Agroforestal de Albaladejito del IRIAF.
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ahorrando así recursos hídricos. Además mediante técnicas de optimización del riego como el “Riego Defici-
tario Optimizado por Etapas” (ORDI) se podrían minimizar pérdidas en rendimientos maximizando el ahorro 
de agua (Léllis et al. 2016).

Con respecto al efecto de las temperaturas, no se conocen estudios desarrollados en Castilla-La Mancha 
o en España. Sin embargo, sí existe información procedente de otros países en los que se han estudiado 
otras variedades de ajos. Por ejemplo en un proyecto de investigación llevado a cabo en Argentina (Roig 
2013) se observó que un aumento de la temperatura del aire de unos 2 ºC en inverno y 5 ºC en primavera 
se tradujo en un aumento del área foliar (desarrollo de mayor superficie de hojas), una mayor altura de la 
plantas, un acortamiento del ciclo vegetativo, pero iguales rendimientos de bulbo. Por otra parte, se pro-
dujo una atenuación del color de los dientes en variedades rojas o moradas. Otros estudios experimentales 
muestran que el aumento de las temperaturas durante el desarrollo vegetativo del cultivo, no sólo reducen 
el periodo vegetativo, acortándose el tiempo hasta la cosecha, sino que se mejora la formación del bulbo 
y se producen bulbos más pesados en variedades de ajo local de China (Wu et al. 2016).

En relación al efecto del incremento atmosférico en la concentración de CO2 no existen estudios especí-
ficos en ajo, pero se sabe de manera general que el incremento de CO2 atmosférico puede ser positivo 
para el crecimiento del cultivo, por su efecto fertilizador sobre la fotosíntesis. Además, niveles altos de 
CO2 inducen el cierre de los estomas de las hojas, disminuyendo las pérdidas de agua por transpiración y 
aumentando la eficiencia en el uso del agua del cultivo (Tuba et al. 1994). 

En los últimos 30 años se ha producido en Castilla-La Mancha un aumento de las temperaturas medias 
de 1 ºC al tiempo que han disminuido moderadamente las precipitaciones, aproximadamente 10 mm 
por década (de Castro Muñoz de Lucas 2008). Además, los niveles de CO2 atmosférico han pasado de 
325 a 407 ppm. Durante este periodo de tiempo se observa un claro incremento en los rendimientos 
tanto en España como en Castilla-La Mancha (Gráfico 2A). Sin embargo, como se ha indicado anterior-
mente, la causa de este incremento en los rendimientos se debe a la transición acontecida de cultivos 
de secano, a cultivos de regadío, que generan mayores rendimientos (Gráfico 2B). En la década de los 
70, en Castilla-La Mancha menos del 20% de los cultivos eran de regadío mientras que actualmente, 
prácticamente el 100% es regadío, siendo los cultivos de secano testimoniales. De hecho, si se analizan 

Variedad

 Gardacho Chinchón
Morado 
Pedroñeras

Spring 
Blanco

Violeta 
Spring

Mortalidad por Penicilium sp 
(%) sin limitación hídrica

20 20 18,3 35 8,3

Mortalidad por Penicilium sp 
(%) déficit hídrico

16,7 18,3 13,3 35 8,3

Tabla 1.: Porcentaje de mortalidad por Penicilium sp en los distintos tratamientos hídricos y diferentes 
variedades de ajo estudiadas durante la campaña 2015-2016. Elaboración propia a partir de datos 
experimentales llevados a cabo en el Centro de Investigación Agroforestal de Albaladejito del IRIAF.
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por separado, no se observa una tendencia significativa de evolución en los rendimientos, ni en los 
cultivos de secano ni en los de regadío (Gráfico 2B). Esto es llamativo ya que en los últimos 30 años se 
han producido indudables mejoras en el cultivo del ajo, como ha ocurrido también en otros cultivos de 
la región (p. ej. mayor tecnificación, mejora de las técnicas de cultivo, introducción de nuevas varieda-
des más productivas y utilización de mejor calidad de “semilla”). Es muy improbable que todas estas 
mejoras técnicas y agronómicas no hayan tenido un efecto positivo sobre los rendimientos. Esto invita 
a pensar que otros factores (como el cambio climático) deben haber contribuido negativamente en la 
misma magnitud, contrarrestándose unos efectos a otros, dando como resultado la aparente estabili-
dad de rendimientos, tanto en secano como en regadío, observada en los últimos 30 años (Gráfico 2B).
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Grafico 2.: Series temporales de los rendimientos de ajo en España y Castilla-La Mancha (A) y rendimientos 
en Castilla-La Mancha desglosados según superficie de secano o regadío, así como porcentaje de la 
superficie total cultivada dedicada a regadío (B). Elaboración propia a partir de datos de los Anuarios de 
Estadística Agraria (MAPAMA). Se recoge el periodo 1971-2014.
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Previsión de futuro
El ajo es un cultivo muy dependiente de la temperatura para su correcto desarrollo. Por ejemplo, el ajo 
necesita la acumulación de horas de temperaturas inductivas para el control y duración del periodo de 
latencia y para que se produzca una correcta bulbificación. Como se ha explicado anteriormente, hay 
estudios que indican que el aumento de temperaturas, una vez iniciado el desarrollo vegetativo del 
ajo resultaría beneficioso para la bulbificación y la producción de bulbos de más peso, sin embargo, 
las temperaturas más altas en el invierno podrían reducir la acumulación de horas de frío (vernaliza-
ción) durante el periodo de latencia del ajo lo que podría tener consecuencias negativas en el desa-
rrollo vegetativo posterior produciéndose alteraciones fisiológicas y mermas en la producción. Como 
consecuencia del aumento de las temperaturas medias, diferentes estudios indican que se produciría 
un acortamiento del ciclo vegetativo. Concretamente, para el ajo morado, se prevé un acortamiento 
de 28 días en el ciclo vegetativo para el año 2070 (Domínguez et al. 2008). Además de producirse 
una aumento de las temperaturas medias, también se producirá un aumento de las temperaturas 
máximas que, en combinación con los altos niveles de radiación solar de primavera y verano, podría 
aumentar la probabilidad de las hojas de sufrir daño oxidativo. Esto podría tener consecuencias nega-
tivas para el crecimiento vegetal y por tanto podría disminuir los rendimientos. Como se ha explicado 
anteriormente el aumento de las temperaturas también puede afectar a la calidad del ajo producido, 
por ejemplo atenuando la coloración de los dientes de variedades rojas o moradas. Por otra parte, 
el aumento de las temperaturas implicaría un incremento de la evapotranspiración del cultivo que, 
unido a unas menores precipitaciones, aumentaría el déficit hídrico. En relación a este punto, simula-
ciones realizadas con modelos predictivos indican que si las precipitaciones se redujeran hasta los 410 
mm, el ajo aumentaría sus necesidades hídricas en unos 270 m3 /ha, reduciéndose la productividad 
del agua de riego menos del 10% (Lorite 2002). Esto es, ciertamente, un impacto menor si se compa-
ra con otros cultivos. Por ejemplo, en el maíz aumentarían las necesidades de riego en 1830 m3/ha y 
la reducción de la productividad del agua de riego sería superior al 20% bajo las mismas condiciones. 
Otras simulaciones realizadas para la Cuenca del Júcar y el ajo morado en particular (Domínguez et 
al. 2008), indican que la productividad futura del ajo podría incluso incrementarse ligeramente.

Es importante tener en cuenta también la modificación previsible en los patrones temporales e incidencia 
de plagas y enfermedades. Los cambios ambientales no sólo influirían en que pudieran producirse más o 
menos daños debido a plagas y enfermedades, si no que estas plagas y enfermedades podrían aparecer 
antes o después, afectando a etapas del cultivo diferentes a las que venían siendo habituales. 

Por último, habría que considerar el efecto estimulante del crecimiento vegetal que tendría el aumento 
de la concentración de CO2 atmosférico. 

En resumen, el impacto potencial del cambio climático sobre el cultivo del ajo es multifactorial y complejo, 
produciendo efectos tanto positivos como negativos en la fisiología y rendimientos del cultivo. En base 
a la información parcial disponible, resulta difícil predecir si el resultado neto del cambio climático en los 
rendimientos de ajo será favorable o desfavorable, aunque comparativamente con otros cultivos el ajo 
mostraría una menor sensibilidad al cambio climático.

Soluciones. Medidas de adaptació n y mitigació n

Medidas de adaptación. 

Será necesario realizar ajustes en el calendario de las actividades agrícolas así como modificaciones en 
las condiciones del cultivo, por ejemplo actuando sobre las rotaciones o reajustando fertilización y riegos. 
Además, sería importante implementar estrategias orientadas a optimizar el uso del agua como los riegos 
deficitarios. Debido al aumento de las temperaturas, las zonas más adecuadas para el cultivo se moverán 
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previsiblemente hacia el norte y a zonas de mayor altitud por lo que será necesario considerar el des-
plazamiento de los cultivos a hacia estas zonas. Por otra parte, la elección adecuada de variedades será 
fundamental. Como se ha indicado anteriormente las distintas variedades de ajo difieren en su respuesta 
a las condiciones ambientales por lo que disponer de alternativas varietales será un aspecto central para 
la adaptación del cultivo frente al cambio climático. Además, habría que tener en cuenta otras medidas 
como la selección individual, consistente en la selección de aquellos individuos dentro de una población 
que presenten caracteres deseables. La multiplicación posterior de dichos individuos aumentaría progresi-
vamente las capacidades de adaptación del cultivo ante condiciones climáticas adversas.

Medidas de mitigació n. 

Se pueden citar medidas generales como la reducción del uso de combustibles fósiles y sus sustitu-
ción por fuentes de energía alternativas, la reducción de la producción de subproductos y residuos, el 
seguimiento de buenas prácticas agrarias (BPA) así como la adopción de modalidades alternativas de 
producción como la integrada y la ecológica.

Visión del autor. Reflexió n

La información disponible y los estudios desarrollados hasta la fecha indican que el ajo es un cultivo re-
lativamente resistente al cambio climático en comparación con otros cultivos, sobre todo en términos de 
rendimientos. Sin embargo, sí parece probable que se pueda ver afectada la calidad del ajo producido. 
Esto es muy importante en aquellas variedades que gozan de algún tipo de figura de protección como es 
el caso de la IGP Ajo Morado de las Pedroñeras, cuyas características distintivas y de calidad podrían verse 
modificadas por los cambios ambientales. El impacto del cambio climático sobre la calidad del ajo produ-
cido ha de recibir una mayor atención en los estudios y evaluaciónes que se hagan en el futuro. 

Como se ha indicado anteriormente, existen muy pocos estudios desarrollados específicamente para evaluar 
el impacto del cambio climático en el ajo. Además, la información disponible es muy parcial y procede ma-
yoritariamente de estudios en los que se analiza el efecto de un único factor aislado. Es urgente por tanto, 
desarrollar nuevos estudios que evalúen el efecto de múltiples factores ambientales y su interacción en la 
fisiología y crecimiento del ajo de una manera más global. Esto es fundamental para poder evaluar adecua-
damente el potencial adaptativo del ajo frente al cambio climático y generar predicciones de futuro fiables.

La variabilidad en respuesta al déficit hídrico observada en los estudios de ajo desarrollado en el IRIAF 
indica que la selección varietal puede permitir ampliar los márgenes de adaptación del cultivo bajo 
condiciones más áridas complementando y potenciando otras medidas de adaptación que ya han 
sido citadas. En el futuro, el protagonismo del sector ajero en la economía de región dependerá en 
buena medida de la capacidad de adaptación biológica del propio cultivo y de la adopción de medi-
das técnicas y agronómicas adaptadas a las nuevas condiciones ambientales.
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4. Dicussion and main conlusions

• Most garlic commercial varieties have lost their capacity of sexual reproduction but there is the absolute need to find a
feasible strategy to improve crop’s resistance to abiotic stress e.g. drought.

• Plant morpho-physiological performance in response to drought is influenced by the interaction environment x genotype.
Therefore, variation among genotypes/cultivars in response to drought is expected.

• Our aim is to identify which morpho-physiological traits are candidates to identify drought stress tolerance in garlic and
which cultivars could be better adapted to dry conditions

1. Introduction and objectives

2. Material and methods

3. Results

Experimental design, varieties and
irrigation:
• WATERING TREATMENTS:

• Water Deficit(WD) = 5≥SVWC<12)
• Well watered (WW) = SVWC>20

• FIVE VARIETIES → Two early maturing
garlic cultivars: Violet Spring (VSP) and
White Spring (WSP); and three late maturing
cultivars: Gardacho (GAR), “Fino de Chinchón
“(CHI) and the local variety “Morado de
Pedroñeras” (PED)

GAR

Stomatal Density and 
Guard Cell Lenght

Pseudostem diameter

Bulb weight and 
caliber

GAR CHI PED WSP VSP
Bulb weight (g) Caliber (mm) Bulb weight (g) Caliber (mm) Bulb weight (g) Caliber (mm) Bulb weight (g) Caliber (mm) Bulb weight (g) Caliber (mm) 

WW 65.8 ± 5.0 A 65.2 ± 1.9 a 32.8 ± 2.5 49.2 ± 1.6 a 45.4 ± 3.0 A 53.4 ± 1.6 a 37.8 ± 4.1 52.4 ± 2.0 51.9 ± 4.3 59.3 ± 2.0

WD 39.8 ± 4.1 B 53.8 ± 2.0 b 26.8 ± 3.4 42.3 ± 1.5 b 31.0 ± 2.9 B 46.6 ± 1.4 b 29.3 ± 3.6 47.4 ± 1.9 47.9 ± 4.9 55.1 ± 1.9

Each value represents the means ± S.E. Different letters indicate signifficant differences (P≤0.05) between water treatments in the same variey on bulb weight (upper case) and
caliber (lower case)

Each value represents the means ± S.E of pseudostem diameter in each time point measuremernt. (*)Indicate signifficant differences (P≤0.05) between water treatments at the
same time point measurement

Each value (means ± S.E) represents somatal density (bars) and guard cell lenght (lines). Different letters indicate signifficant differences (P≤0.05) between water treatments and
leaf surface on stomatal density (upper case) and guard cell lenght (lower case). No letters are shown if there are not statistical significant differences.
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• Morpho-functional variation was observed across the studied genotypes which performed differently in response to water
availability.

• More productive varieties could be more affected by water availability, specially GAR that presents an important decrease in
its growth, bulb weight and caliber under water limitations.

• Spring varieties could have an advantage against seasonal drought. Their premature growth allowed them to finish their
development when water restrictions were more pronounced. These varieties were not statistically affected by WD.

• The late variety, CHI, was less affected by water limitations in terms of bulb weight and size. However it had the lowest
yields. This fact, together with the relative higher sensitivity to water deficit displayed by GAR and PED, lead us to think that
the more productive the variety the more sensitive to water deficit.

• Further analysis should be done in order to elucidate if these morpho-functional traits are consistently related to improved
performance under water limitation. Future research should be done combining stronger water deficits at different crop
stages. In addition, additional functional traits such as stomatal conductance or chlorophyll fluorescence should be included
in future trials
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Measurements and studied variables
• Stomatal density and guard cell length: On abaxial and adaxial leaf

surfaces. These traits were calculated with an open source image
processing software (ImageJ). Images were taken with an optical
microscope with 40X magnification connected to a camera.

• Pseudostem diameter: With a caliper we measured the pseudostem
diameter at soil level throughout the crop cycle to find differences on
areal part growth

• Bulb weight and caliber: At the end of the trial we measured bulb
weight and caliber to evaluate the potential impact of water availability
on bulb yield
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Biomass production variability of garlic cultivars in response to water deficit applied in 
different crop stages
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1. Abstract

Lopez-Bellido, F.J., Lopez-Bellido, R.J., Muñoz-Romero, V., Fernandez-Garcia, P., Lopez-Bellido, L., 2016. New phenological growth stages of garlic (Allium sativum). Ann. Appl. Biol. 169, 
423–439. doi:10.1111/aab.12312
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Castilla-La Mancha accounts with 65 % 
of garlic Spanish crop area and 54% of 
production Source: MAPAMA , 2016)

3.  Experimental design and methodology
• 4 Cultivars: Gardacho (GAR);
Morado de Pedroñeras (PED);
and two early maturing cultivars
White Spring (WSP) and Violet
Spring (VSP)

SW

WS

• 2 Water deficit treatments: 
Deficit (SVWC<20%) applied on
vegetative phase (SW) or in 
bulbing phase (WS) following the 
BBCH scale (Bellido et., al 2016)

4.  Results

2. Justification and objectives. 

Castilla-La Mancha is the region of Spain that accounts for most of the national garlic production (54%). This semi-arid region with an important risk of
desertification could be especially affected by climate change with longer and more severe drought seasons. Thereby water saving in this area will be demanded.
A two factor experiment (cultivar x water treatment) was conducted to elucidate how water deficit affects in terms of biomass production on different crop
phases. Our results showed different responses on biomass production depending on these two factors. Additionally, stomatal conductance to water vapor (gs)
was analyzed to elucidate how this functional trait was affected by water deficit at bulbing phase.

Semi-arid area with important risk of desertification
Source: MAPAMA , 2016)

Stomatal conductance to water vapour was measured by a leaf porometer. After harvesting (3 replicateXcultivarXwater treatment), roots were dried on oven
and weighted. Bulbs were weighted after drying stabilization on a storage room.

• How water deficit, applied in different
crop stages, affects to biomass production
for the different cultivars?

5.  Conclusions

Stomatal conductance was clearly
decreased when we initiate the
water deficit in all varieties. GAR
presented the highest values under
water deficit conditions.

Water deficit initiated 
on WSP and VSP

Water deficit initiated 
on GAR and PED
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Figure 1. Stomatal conductance mean values and standard error of the mean for each variety from 29/03/2017 to 25/05/2017 in WS treatment.
Water deficit was initiated at the beginning of the bulbing phase following the BBCH garlic scale (Bellido et., al 2016)
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Figure 2. Roots weight mean values and standard error of the mean for all cultivars in both water treatments (A) and bulb weight mean values and standard
error of the mean for all cultivars in both water treatments (B) . Different letters indicate significant differences among cultivars and water treatments after a
LSD Fisher post-hoc analysis

Stomatal conductance

Biomass
Higher roots weight values were
found when the deficit was applied
on vegetative stage. Bulb weight was
especially affected by WS treatment
on early maturing cultivars while
GAR and PED did not show
significant differences when the
deficit was applied on bulbing or
vegetative phase

Garlic cultivars responded differently when water deficit was applied at vegetative or bulbing phase. Biomass production was especially affected on early
maturing cultivars, traditionally known as “Chinese varieties”. As we can see in Fig. 2A roots formation could be stimulated when water deficit is applied at
vegetative phase (SW) while bulb formation (Fig. 2B) is more affected when this stress is applied at bulbing phase (WS). This bulb reduction could be related to
the closure of the stomata and, thereby, lack of CO2 fixation when garlic biomass partitioning is investing energy on bulb formation.
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ABSTRACT 

Water is one of the most limiting resources for the productivity of crops. Stomatal 

closure and subsequent reduced transpiration and photosynthetic rates are early plant 

responses to water deficit even under moderate and mild droughts. The variability of 

stomatal conductance to water vapour (gs) can be directly monitored by different 

methods and equipment (e.g. infrared gas analyzers, leaf porometer, etc). However, 

these methods are time consuming and somehow invasive. Thermography has been 

shown as a rapid non-invasive and reliable alternative to explore the leaf water balance 

of plants. Yet, the reliability of thermography in horticultural crops such as garlic 

remains unknown. Here, we carried out an assay including five garlic cultivars with 

plants grown in 35 liter pots under four different water availability levels. These levels 

were established according to different soil volumetric water contents (sVWC). Thermal 

images and leaf porometer measurements were taken one after the other for each 

plant of the study, together with measurements of sVWC. Significant correlations were 

found between gs and both leaf temperature (Tc) and the crop water stress index 

(CWSI). These variables were also significantly correlated with sVWC. Based on these 

results further analysis on thermal images are beginning to be done to evaluate inter-

cultivar variability of garlic’s leaf water balance in response to water availability. 

 
INTRODUCTION 

Water deficit is considered the most important stress for agriculture (Cattivelli et al., 

2008) Enlarged global population along with future climate scenarios will probably lead 

to increased water scarcity and competition for water resources in many regions of the 

world. Stomatal conductance to water vapor (gs) is a good indicator of the plant water 

status. For example, a reduction of stomatal conductance is an early plant response to 

water deficit and the main limitation to photosynthesis at mild to moderate droughts 

(Flexas and Medrano, 2002). The analysis of the genetic and environmental 

components of the variability of stomatal conductance to water vapour (gs) can help 

understand the functional basis of the productivity of crops under limiting environmental 

conditions and identify tolerant genotypes to those limiting conditions. The variation of 

gs can be directly monitored by different methods and equipment (e.g. infrared gas 

analyzers, leaf porometer, etc). However, these methods are time consuming and 

somehow invasive. In this context, thermography has been shown as a rapid non-
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invasive and reliable alternative to explore the leaf water balance of plants and their 

general water status (García-Tejero et al., 2016). The crop water stress index (CWSI, 

Jones 1999) is a canopy temperature-based index that has been proved to be a good 

indicator of the plant water status in many crops (i.e, Ballester et al., 2013; Costa et al., 

2013a; Grant et al., 2016). However, as far as we know it has not been used in garlic 

yet. The objectives of the study were: 1) To test the robustness and feasibility of the 

use of thermography and the CWSI index to determine the leaf water balance of garlic 

and 2) To check the use of thermography as a rapid non-invasive method to explore 

inter-cultivar variability in the functional response of garlic to water availability  

 

MATERIAL AND METHODS 

The experiment was carried out at the “Centro de Investigación Agroforestal de 

Albaladejito” (40 º04’ 31.436 N, 2º 12’ 18.061 W, altitude 902 m a.s.l) located in 

Cuenca, inland Spain. A factorial design with two factors (water availability × cultivar) 

was carried out in 35 liter pots. A total of 80 pots were used in the experiment (5 

cultivars x 4 water treatments x 4 replicates). The plants were transferred when 

necessary to a nearby glasshouse to avoid rain to interfere with the controlled water 

availability levels and moved outside again after rain events. The studied cultivars 

included a traditional local cultivar of south Madrid (“Fino de Chinchón”, C); an 

introduced “American type” commercial cultivar (“Gardacho”, G); a very popular and 

appreciated cultivar from Castile-La Mancha (“Morado de las Pedroñeras”, M); a 

Portuguese cultivar from a rainy location (P, mean annual rainfall >1500mm) and a 

local cultivar from a dry location in Lanzarote (L, mean annual rainfall ca. 300 mm). 

Soil water availability was adjusted depending on the crop stage: vegetative or bulbing 

phase, resulting in four water treatments: a) Water deficit in both crop stages (SS); b) 

Water deficit on vegetative phase (SW); c) Water deficit on bulbing phase (WS) and d) 

Well watered conditions in both crop stages (WW). Soil volumetric water content 

(sVWC) was measured with a FDR probe (ECH2O EC-5, Decagon Device, Inc, 

Pullman, USA) and individually monitored with dataloggers during the whole crop cycle. 

The pots were watered differently according to sVWC values, water treatment and 

phenological stage. SS pots were watered when sVWC dropped below 10% to a 

achieve a maximum of 12% at both vegetative and bulbing phases; SW pots were 

watered when sVWC dropped below 23% during the bulbing phase and were watered 

as SS pots during the vegetative phase; WS pots were watered with the same sVWC 

targets than those of SW pots but shifted between the two phases and WW pots were 

watered in both crop stages when sVWC drop below 25% to field capacity. This value 

of sVWC was chosen because preliminary analysis showed that stomatal closure 

began under ca. 20% at both vegetative and bulbing phases. 

Stomatal conductance (gs) was measured with a steady-state leaf porometer (SC-1, 

Decagon Devices Inc., Pullman, WA, USA) between 10-12h solar time under wind-free 
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and clear-sky conditions. Ground based thermal images (Fluke Ti300 camera, Fluke 

Corporation, USA, 7.5-14 µm, 240x180 pixels; ε=0.96) were taken right before 

porometer measurements. The procedure described by Jones (1999) was followed to 

calculate reference surfaces. ‘Wet’ reference (Twet) was obtained spraying fresh water 

on one real leaf of garlic attached to a cork board and one ‘dry’ reference leaf of garlic 

(Tdry) covered with Vaseline. Finally, the crop water stress index (CWSI) was 

calculated from thermal imaging values as: 

 

 

Zenithal thermal images were taken covering the whole pot, plant leaves and surface 

references. Measurements were done in all pots at the end of vegetative phase; 26 

April (T1) and in the middle of the bulbing phase; 7 June (T2). Measurements of gs 

were taken in a subsample of 40 randomly selected leaves right after taking thermal 

images at both T1 and T2.  

Finally, correlation analyses were performed among gs, sVWC and CWSI. ANOVA with 

two fixed factors (water treatment and cultivar) was carried out to compare among 

water treatments and cultivars. Afterwards, a post-hoc analysis (Fisher-LSD) was 

performed to identify homogenous groups within the studied factors. The software 

STATISTICA v.10 (Statsoft Inc., Tulsa, OK, USA) was used for data analysis. 
 
RESULTS AND DISCUSSION 

Correlation analysis confirmed that thermal imaging is a good method to explore the 

leaf water balance in garlic. A good and significant correlation (was found between 

CWSI index and gs (Figure 1). This index was also significantly correlated with sVWC 

(R= -0.61 p< 0.001). These results confirmed the robustness and feasibility of thermal 

imaging and thermal indexes such as CWSI (Ballester et al., 2013; Costa et al., 2013) 

to explore inter-cultivar variability under different water availability levels. In fact, a 

significant effect of cultivar, water treatment and the interaction between these two 

factors was found for CWSI at both T1 and T2 (Table 1). At T1 differences among 

cultivars or water treatments in CWSI were much lower than those at T2 with values 

close to 0.5 or below (Fig. 2A). Thus, at the vegetative phase the impact of water deficit 

was rather mild. Nevertheless, the cultivar C had consistently high CWSI values across 

watering treatments reflecting that this cultivar had constitutive lower gs values than the 

rest of cultivars at the vegetative phase.  In contrast, at T2, CSWI values were in 

general above 0.7 in treatments SS and WS while below 0.5 in treatments SW and 

WW, except for cultivars M and T in WS (Fig. 2B). This is in agreement with previous 

studies that demonstrate that bulbing is the most sensitive phase of garlic to water 

deficit (Fabeiro Cortés et al., 2003). Interestingly cultivar P, a local cultivar from a rainy 

location of Portugal had significantly lower CWSI values in WW than in the rest of 

treatments both at T1 and T2. On the other hand, cultivar L, originated from a dry 
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location had the highest CWSI at T2, reflecting the low constitutive gs values of this 

cultivar during the bulbing phase. This result can be associated with a conservative use 

of water in this cultivar. The observed inter-cultivar variability in CSWI in response to 

water availability can therefore be valuable to explore genotypic variation of the leaf 

water balance of garlic in response to gradients of water availability. 
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  Date Factor               
                    

    
Water 
availability (W) Cultivat (C)    W x C       

                    

  T1 
(3/138) 
18.34*** (4/138)11.16*** (12/138) 2.75**     

                    

  T2 
(3/118) 
46.26*** (4/118) 8.77*** (12/118) 2.01 *     

                    
    

  

Table 1. F-Fisher values and significance levels obtained by General Linear 
Models, GLM analysis. This analysis was performed at the end of the 
vegetative phase (T1) and in the middle of the bulbing phase (T2). Crop Water 
Stress Index (CWSI) was the dependent variable analyzed. The interaction 
term between “Water Availability” and “Cultivar” (W × C) was included in the 
model. The degrees of freedom for the F-values are provided in brackets. *, 
**, and ***: significant at P ≤ 0.01, P ≤ 0.05, and P ≤ 0.001, respectively    Figure 1. Relationship between CWSI and gs. Data from 

the end of the vegetative phase (T1) and the middle of the 
bulbing phase (T2) are pooled. 

2B 

2A 

Figure 2. CWSI values at the end of vegetative phase; T1 (2A) and in the middle of bulbing phase; T2 (2B). 
Different letters at the top of the column denote significant among cultivars and water treatments (P = 0.05). 
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Use of thermography as a rapid method to evaluate 
water status of garlic (Allium sativum L.) cultivars

Sanchez-Virosta A 1 and Sánchez-Gomez D1 (dsgomez@jccm.es)
1 Centro de Investigación Agroforestal Albaladejito (CIAF), Ctra. Toledo-Cuenca, km 174, 30814 Cuenca, Spain

1. Introduction and objectives 2. Material and methods

• Objectives: 1) To test the robustness and feasibility of the use of

thermography and the CWSI index to determine the leaf water balance

of garlic and 2) To check the use of thermography as a rapid non-

invasive method to explore inter-cultivar variability in the functional

response of garlic to water availability

3. Results and discussion

• Enlarged global population + future climate 

scenarios = water scarcity
• Stomatal closure is an

early plant response to

water deficit and limits

photosynthesis

• The analysis of the variability of stomatal conductance to water vapour

(gs) can help understand the variability in the productivity of crops under

water deficit and identify tolerant genotypes to those limiting conditions.

• The crop water stress index (CWSI, Jones 1999), based on

thermography measurements, has been proved to be a good indicator

of the plant water status in many crops (i.e, Costa et al., 2013).

Thermography is a rapid non-invasive and reliable alternative to

traditional invasive measurements with pressure chambers, portable

porometers or gas exchange systems, in order to explore the leaf water

balance of plants and their general water status

5 garlic cultivars (4 replicates each):

• Commercial American cultivar Gardacho (G)

• Local Purple of Pedroñeras (M), Protected

Geografical Identification, PGI

• Local cultivar Fino de Chinchón (C)

• Cultivar from a rainy location of Portugal (P)

• Cultivar from a dry location of Lanzarote (L)

• Soil volumetric water

content (sVWC) was

adjusted depending on

the crop stage

(vegetative or bulbing

phase: a) Water deficit in

both crop stages (SS);

b) Water deficit on

vegetative phase (SW);

c) Water deficit on

bulbing phase (WS) and

d) Well watered

conditions in both crop

stages (WW)

• Ground based thermal images were taken right before porometer

measurements. The procedure described by Jones (1999) was followed to

calculate reference surfaces. “Twet” and “Tdry”. Finally, the crop water stress

index (CWSI) was calculated from thermal imaging values as:

• Measurements were taken at the end of vegetative phase; 26 April (T1)

and in the middle of the bulbing phase; 7 June (T2). Porometer

measurements were taken in a subsample of 40 randomly selected leaves at

both T1 and T2.

Figure 2. CWSI values at the end of vegetative phase; T1 (2A) and in the middle of bulbing phase; T2 (2B).

Different letters at the top of the column denote significant among cultivars and water treatments (P = 0.05).
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Figure 1. Relationship between CWSI and gs. Data from the

end of the vegetative phase (T1) and the middle of the

bulbing phase (T2) are pooled.
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The results confirmed the robustness and

feasibility of thermal imaging and CWSI index

to explore inter-cultivar variability under

different water availability levels. This index was

also well correlated with sVWC (R= -0.61 p=

0.000).

A significant effect of cultivar, water availability and the interaction between both factors were

found at T1 and T2. At T1 (vegetative phase), CWSI was close to 0.5 or below (Fig. 2A). At T2

(bulbing phase) differences among watering treatments were higher with values in general

above 0.7 in the water deficit treatments (SS and WS). This agrees with previous studies that state

that bulbing is the most sensitive phase to water deficit (Fabeiro Cortés et al., 2003). P, a local

cultivar from a rainy location had significantly lower CWSI values in WW than in the rest of

treatments both at T1 and T2. On the other hand, cultivar L, originated from a dry location had

the highest CWSI at T2, reflecting the low constitutive gs values of this cultivar during the

bulbing phase. The observed CSWI patterns could reflect local adaptation.
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Im p a c t  o f  w a t e r de f i c i t  o n  g ro w t h  a n d y i e l d c o m p o n e n t s  o f  t w o  g a rl i c  
( Allium sativum L.)  c u l t i v a rs  a t  di f f e re n t  c ro p  s t a g e s .  

 

 

 

  

A uth ors : Sánchez-Virosta, A., Sánchez-Gómez, D. 
T ype of participation: Oral presentation 
Congres s : COST-ACTION FA1306 final meeting: “The q uest for 
tolerant varieties –  phenotyping at Plant and Cellular level  
L ocation: L euven, B elgium 
Dates : 20th - 21st March 2018  
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Discussion COST, what’s next? EMHPASIS, COST outputs – chair: S Carpentier (BE) U Schurr 
(DE) 

13:30-14:30 Live audio interrogation with online tool. 

 

Phenotyping for future climate scenarios 

 Invited speaker  
 

14:30-15:10 Edith Lammerts van Bueren, WUR (NL), ''Perspectives of breeding for ecological 
resilience'' 

15:10-15:40 Coffee Break 

 Orals (2x20 min) 

15:40-16:00 M Kuska (DE) Combined analysis of gene expression and optical reflectance properties 
of barley differing in their resistances to powdery mildew 

16:00-16:20 A Virosta (ES) Impact of water deficit on growth and yield components of two garlic 
(Allium sativum L.) cultivars at different crop stages 

 

16:20-17:00 Invited speaker Arno Ruckelhausen (DE) Technological tools for field-based 
phenotyping – about multi imaging sensor data fusion and (autonomous) platforms  

 

18:00-19:00 MC/ Core meeting: Wrap up FA1306, reporting and what’s next. 
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73 - Impact of water deficit on growth and yield components of two garlic (Allium 
sativum L.) cultivars at different crop stages. 
Sanchez-Virosta A1 , Sanchez-Gomez D1.  

1 - Centro de Investigacion Agroforestal Albaladejito (CIAF), Ctra. Toledo-Cuenca, km 174, 30814 

Cuenca, Spain,  

Presenting author: Álvaro Sánchez Virosta  asvirosta@jccm.es 

 

Expected droughts in the context of climate change are likely to lead to modifications in the soil water 

availability throughout crop stages. In the search for drought tolerant varieties, inter-cultivar variability in 

response to water availability needs to be screened throughout the crop cycle. In this study, key traits 

such as bulb weight, root weight and relative growth rate in pseudo-stem diameter (RGRps) in garlic  

were studied. We selected two common Spanish cultivars: the commercial cultivar ?Gardacho? (GAR) 

and the landrance ?Morado de Pedroneras? (PED). The impact of water availability depending on the 

crop stage, vegetative or bulbing phase, was evaluated by application of four water treatments: a) Water 

deficit in both crop stages (WW); b) Water deficit on vegetative phase (SW); c) Water deficit on bulbing 

phase (WS) and d) Well watered in both crop stages (WW). Results c onfirm that water deficit applied 

on different crop stages resulted in significant differences in the studied traits. Bulb weight was especially 

affected when water deficit was applied in the bulbing phase in both cultivars. Nonetheless, while bulb 

weight of GAR was affected by SS and SW in comparison to WW, that of PED recovered to WW values  

at SW. Furthermore, PED presented significantly heavier bulbs in this water treatment than GAR.  Both 

factors (i.e. cultivar and water availability) had a significant effect on root weight, with notably weightier 

roots on GAR. Additionally, GAR and PED responses to RGRps varied to these four water treatments.  

Generally, GAR presented higher RGRps in every treatment but this effect was notably accentuated on 

SW and WS. Interestingly, we found that differences in growth and yield between cultivars depended 

on the vegetative phase in which water deficit was applied. Thus, we conclude that selecting the 

appropriate cultivar and period for irrigation should be key aspects to be considered for maximizing 

garlic crop yields in future climate scenarios.
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St o m a t a l  c o n du c t a n c e  v a ri a b i l i t y  o f  f o u r g a rl i c  ( Al l i u m  s a t i v u m  L.)  
c u l t i v a rs  i n  re s p o n s e  t o  s o i l  v o l u m e t ri c  w a t e r c o n t e n t  a n d v a p o u r 
p re s s u re  de f i c i t  

 

 
  

A uth ors : Sánchez-Virosta, A., Sánchez-Gómez, D. 
T ype of participation: Poster 
Congres s : 4 1st New  Phytologist Symposium: Plant sciences for the 
future 
L ocation: Nancy, France 
Dates : 11st - 13rd April 2018  
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• Stomatal control of water loss is critical for the acclimation and
adaptation of crops to fluctuating environmental conditions
(Chaves et al., 2016)

• Allium plants grow typically in dry and arid climates (Brewster,
2008 )

• Stomatal conductance (gs) is particularly sensitive to vapor
pressure deficit (VPD) and soil water content (sVWC).

• Our aim is the evaluation of potential intraspecific variability in
the stomatal response pattern in order to provide insight on
the vulnerability and adaptive potential of garlic cultivars

41st New Phytologist Symposium
Plant sciences for the future
11 – 13 April 2018

1. Introduction and objectives 2. Material and Methods

4. Discussion and main conclusions

5. References Acknowledgements

4 cultivars x 6 replicates:
• 6 x Gardacho (GAR)
• 6 x Purple of Pedroñeras (PED)
• 6 x White Spring (WSP)
• 6 x Violet Spring (VSP)

• sVWC and gs was measured once or twice
a week, always in the same date

• Plants were watered when needed
depending on the sVWC target

• gs was measured with a SC-1 Leaf
Porometer (Decagon Devices Inc., Pullman,
WA, U SA) on the abaxial surface of the
leaf between 11-14h

• Stomatal conductance in garlic is sensitive to both sVWC. More variance is explained when both parameters are integrated in the 
model

• Cultivars differ in their response to sVWC and VPD. Early maturing cultivars as WSP and VSP showed lower stomatal regulation than 
those late maturing cultivars (GAR and PED). This effect could be explained because is in summer when lower water availability and 
higher VPD are occurring, and these cultivars have already finished their crop cycle.

• Late maturing cultivars, as GAR and PED, would be better adapted to fluctuating environments since regulates more water loss under 
limiting conditions (low water availability and high vapor pressure deficit)  

3. Results

Gardacho Purple of Pedroñeras Violete Spring White Spring

U nivariate
sig Parameter estimates

U nivariate
sig Parameter estimates

U nivariate
sig Parameter estimates

U nivariate
sig Parameter estimates

VWCs *** gs =  5.3 +  4.9VWCs -
19.6VPD

*** gs=  30.4 +  3.6VWCs -
21.0VPD

# gs=  8 0.6 +  2.2VWCs -
17.6VPD

*** gs=  56.2 +  3.6VWCs -
10.3VPDVPD ** ** * *

R2 0.65*** 0.58*** 0.24** 0.42***

Table 1. U nivariate tests of significance for each factor in any cultivar and multiple regression analysis of gs as a function of sVWC and VPD. Adj usted R2 for
multiple regression analysis are provided. Significance levels: * p<0.05; * * p<0.01; * * * p<0.001

R2= 0.43***
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Figure 1. Scatterplot of gs versus sVWC in GAR (A1); PED (B1); VSP (C1) ans VSP (D1). gs versus VPD are shown in GAR (A2); PED (B2); VSP (C2) and VSP (D2) over
the whole period of the experiment. Regression linear lines and R2 are shown when significant. Significance levels: * p<0.05; * * p<0.01; * * * p<0.001
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Brewster, J.L., 2008 . Onion and other vegetable alliums, Crop Production Science in Horticulture 15.
Chaves, M.M., Costa, J.M., Z arrouk, O., Pinheiro, C., Lopes, C.M., Pereira, J.S., 2016. Controlling stomatal aperture in semi-

arid regions—The dilemma of saving water or being cool? Plant Sci. doi:10.1016/j .plantsci.2016.06.015
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doctoral INIA FPI2015-017 “ to A.S-V and DOC-INIA to D.S-G. The authors also thanks the material supplied by 
Cooperativa San Isidro “El Santo”. We also thank Juan Carlos Martínez and Alej andro Calvo for their technical assistance. 
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Vacation 

A-a-aye, I'm on vacation 
Every single day 'cause I love my occupation 

A-a-aye, I'm on vacation 
If you don't like your life, then you should go and change it 

[…] 

Illuminate my future bright 
So thankful for everything 
Rejuvenate my inner light 

As I work hard for all I need 
Open arms, embracing life 

And all of which you gave me 
Hard work, it pays off 

I'm happy now, it's paying me 
Close my eyes sometimes it feels as if I go away 

I love the life I live and enjoy the ride along the way 
"I make a living out of living," yeah, that's what I say 

I've got one life to live, and I wouldn't live it no other way 

A-a-aye, I'm on vacation 

Every single day 'cause I love my occupation 
A-a-aye, I'm on vacation 

Every single day, every, every single day 
[…] 

 
Dirty Heads 
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